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THE MASS TRANSFER OF SINGLE, 
SOLID URANIUM SPHERES TO 
FLOWING MOLTEN CADMIUM 

IN LAMINAR AND TURBULENT FLOW 

by 

E. Dean Traylor 

I. SUMMARY AND ABSTRACT 

The mass transfer of normal uranium to molten cadmium was 
studied in order to extend the present data on mass transfer in aqueous 
and metal systems and to test previous classical correlat ions as well as 
propose others . The relative high density of molten cadmium as compared 
with water made possible the attainment of very high Reynolds numbers, 
and afforded the opportunity to extend the mass transfer data into an un­
known area. 

In this study, a l /Z-inch diameter uranium sphere was used and 
molten cadmium was pumped past the test spheres at different flow ra tes . 
Mass t ransfer coefficients were determined from weight losses of the test 
spheres . 

The cadmium-uranium system was chosen because it was possible 
in this system to operate in a temperature range in which uranium was the 
solid phase in equilibrium with the molten cadmium solution. The J ĵ data 
and other derived correlat ions were compared with previous correlat ions 
and data for different systems. The experimental curves for mass transfer 
from uranium spheres in a flowing cadmium s t ream have the same general 
shape as those found previously by Geankoplis and Steele^^ for the mass 
transfer from 2-naphthol, benzoic acid, and cinnamic acid in water. An ex­
ception to this s imilari ty is that a pronounced hump in the J(j factor versus 
Reynolds' number correlation occurs in the vicinity of 10^ Reynolds num­
ber, i.e., the region where turbulence penetrates to the surface of the 
sphere, and associated p ressu re changes occur in the vicinity of the sphere. 
Geankoplis and Steele observed only a small hump at this point in their 
correlat ions. 

The driving force for mass transfer was varied for the uranium-
cadmium system and the mass fluxes were obtained and plotted versus the 
concentration and activity driving forces. Extrapolation of these curves to 
zero driving force yielded finite mass flux ra tes which were different from 
the zero value expected at the saturated condition. Steele and Geankoplis^^ 
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also obtained a finite flux at zero driving force and suggested the attrition 
from the sphere might account for it. It was shown in this work that neither 
attrition nor the activity data and activity driving force could account for the 
finite flux at zero driving force. 

Uranium spheres which were heat-treated showed random grain 
s t ructures and yielded J j values about 2 to 5 times higher than spheres 
not heat- t reated to give nonrandom s t ructures . 

The skin friction, f/Z, for spheres in organic liquids from Reynolds 
numbers of 10^ to 10^ and at a separate Reynolds number of 1.56 x 10 was 
2 to 3 times greater than the J j for uranium-cadmium. The resul ts of runs 
with artificially roughened spheres showed that the roughening produced no 
effect at a Reynolds number of 330. At a Reynolds number of 8.8 x 10 the 
Jd for the roughened sphere was about 80% higher than for the snnooth 
sphere. This could be attributed to the early onset of the tripping of the 
boundary layer. 

The exponent of the Schmidt number was determined at Reynolds 
numbers of 735 and 115. The exponent on the Schmidt number was deter ­
mined to be approximately 0.60. However, the range of variation of the 
Schmidt number was only 60%. 

Pr ior to this work all liquid metal dissolution data was obtained 
over a very limited Reynolds number range or at a constant Reynolds num­
ber. The present work for the correlation of J(j from 1 0̂  to 5 x 10^ provides 
for the first time good evidence that the conventional mass t ransfer expres­
sions can be used for liquid metal systems. 



II. INTRODUCTION 

A study was initiated in the Chemical Engineering Division at 
Argonne National Laboratory to obtain information concerning the dissolu­
tion of uranium in flowing molten cadmium. This problem was selected to 
provide additional information useful for other investigations in liquid metal 
media which are of pr ime importance in connection with fuel recovery pro­
cesses being developed for Experimental Breeder Reactor (II) fuel mater ia l s . 
The specific problem, viz., to measure the dissolution ra tes from uranium 
spheres into flowing molten cadmium s t reams was chosen by representat ives 
of Argonne National Laboratory in the Chemical Engineering Division and the 
Chemical Engineering Department of The Ohio State University. This work 
was chosen to extend the studies previously made by Geankoplis and Steele 
at Ohio State University who investigated mass transfer from spheres of 
various mater ia ls (e.g., benzoic acid, cinnamic acid, and 2-naphthol) into 
flowing water. 

The dissolution from uranium spheres to molten cadmium was chosen 
in belief that such a study could provide sufficient information on corrosion 
problems or operative mechanisms involved with mass transfer in liquid 
metals . Spheres were chosen because they were used by other investigators 
and are frequently encountered m practical applications. Mass transfer to 
or from spherical bodies is of importance in the dissolution of solid mate­
r ia ls , either deliberate, or in a corrosion sense, where molecular diffusion 
is operative. Fur thermore , spheres provide a convenient reference upon 
which to present a general correlation, since the correlat ion may be cor­
rected to apply to i r regular part icles by replacing the test sphere diameter 
by an equivalent dianneter of a sphere which has the same surface area as 
the i r regular part icle . Since it was desirable to compare the resul ts of this 
work with that of other investigators, geonaetry of the apparatus and the 
boundary conditions were chosen to be approximately s imilar . This requi re ­
ment roughly established the equipment size and shape, but the choice of 
cadmium as a solvent increased the power and equipment requirements over 
those of other investigators because of the relatively high density of cadmium 
(about 7 g/cc) and the fact that operations had to be conducted around 500'C 
to 600°C. 

Figure 1 shows the part ial phase diagram for the uranium-cadmiunn 
system. The reasons for choosing this system are discussed in detail in 
Chapter IV. However, it may be observed that above a temperature of 473°C 
the solubility of uranium in cadmium remains reasonably constant. Thus, 
one may vary the temperature of the system above 473°C during the mass 
transfer runs without appreciably changing the concentration driving force. 
This, in essence, suggests that the exponent on the Schmidt number may be 
determined independently of the temperature variation of the coefficient of 
solubility. In addition, above a temperature of 473°C the possible formation 



of intermetal l ics during a mass transfer run is eliminated because satu­
rated solutions are in equilibrium with uranium metals . A big advantage 
derived from the choice of cadmium as a solvent is that it may be easily 
contained in mild steels or stainless steels. 
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Fig. 1. The Uranium Cadmium Phase Diagram^ 

The principle variables selected for investigation of their effects 
on the mass transfer rate and the resulting mass transfer correlations 
were velocity of the flowing cadmium, temperature of the system (hence, 
variation of physical properties of the solvent), and the degree of satura­
tion of the solvent. 
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III. LITERATURE SURVEY AND DEVELOPMENT OF THEORY 

A. Introduction Remarks 

The study of the diffusion of solids into aqueous and organic liquids 
has received considerable attention in the past years . Several analogies 
have been presented which seem to be relatively limited in generality. This 
is due to the nature of turbulent phenomena which cannot be character ized 
exactly by mathematical t reatment nor experimental measurement . It is be­
lieved that an extension of experimental work to the area of liquid metals 
may provide a means of further testing some of the widely used analogies, 
viz., Chilton-Colburn equations, and possibly provide some insight into mass 
transfer mechanisms as affected by the general character is t ics of liquid 
metals . This chapter will discuss the older theories of mass t ransfer as 
well as more recent concepts. A discussion of the mass transfer coefficient 
and the relationship between mass and heat t ransport in liquid metals may 
also afford a basis for further studies in the diffusional process of dissolu­
tion. Attempts will be made to present a mathematical analysis of the 
kinetics of dissolution, although generally better resul ts have been obtained 
from semi-empir ica l equations. 

B. Literature Review of Mass Transfer and Dissolution Theories 

I. General Discussion of Mass Transfer Theories 

Models previously used to explain mass t ransfer have involved 
such concepts as presence of stagnant liquid films, turbulent eddy penetra­
tion, and interfacial res is tance to mass transfer between phases. The 
concept of a hypothetical liquid film was first suggested by Nernst." 
Whitman' la ter proposed the film theory to facilitate the interpretation 
of mass transfer data. Later models for mass t ransfer were proposed and 
perhaps the most revolutionary was that of Higbie who suggested the pene­
tration theory. There have been subsequent modifications to this theory, but 
the fundamental approach used by Higbie seems to be common to most of 
these. In recent years , some have suggested that the mass transfer between 
phases occurs at a finite rate across some equivalent res is tance at the in ter ­
face between solid and liquid phases. These investigators have modified 
ear l ier interpretations of the various theories to account for this interfacial 
res is tance. 

The following discussion attempts to review briefly the essential 
points of the theories mentioned above to provide continuity and clarification 
for other elements of this report . The discussion shall include: 

(1) Film theory for mass transfer; 

(2) Penetrat ion theories in mass transfer; 
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(3) Random s u r f a c e r e n e w a l t h e o r y ; 

(4) Random eddy p e n e t r a t i o n m o d e l for m a s s t r a n s f e r ; 

(5) T h e o r i e s p e r t a i n i n g to i n t e r f a c i a l r e s i s t a n c e be tween p h a s e s ; 

and 

(6) G e n e r a l s u m m a r y and eva lua t ion of m a s s t r a n s f e r t h e o r i e s . 

a. F i l m T h e o r i e s 

The o r i g i n a l concept of a s t agnan t f i lm adjacent to the so l id 
p h a s e has a l r e a d y been men t ioned as due to Whi tman and N e r n s t . Al though 
e x p e r i m e n t a l ev idence i nd i ca t e s that the concept of a c o m p l e t e l y s t agnan t f i lm 
is m o s t l ike ly f ic t i t ious , the m o d e l he lps in u n d e r s t a n d i n g the t r a n s f e r of m a s s 
u n d e r the inf luence of a c o n c e n t r a t i o n g r a d i e n t . Usua l ly the t r a n s f e r of m a s s 
flux, N A (we igh t /un i t t i m e , a r e a ) is p i c t u r e d as o c c u r r i n g a c r o s s a s t a g n a n t 
f i lm nex t to the so l id w a l l , i . e . , the c o n c e n t r a t i o n g r a d i e n t for m o l e c u l a r dif­
fusion is only effective a c r o s s the s t agnan t f i lm. It is a s s u m e d tha t t r a n s f e r 
of m a s s in the film is a c c o m p l i s h e d by m o l e c u l a r diffusion. The m a s s flux, 
N ^ , is r e p r e s e n t e d by an equat ion 

- N A = ^ f (Ci - Cz) (3.1) 

w h e r e 

Dy = m o l e c u l a r diffusivity of diffusate , 

Ax£ = fi lm t h i c k n e s s , and 

Ci - C2 = the concen t r a t i on g rad i en t . 

b. P e n e t r a t i o n T h e o r y 

Higbie^ o r i g ina l l y p r o p o s e d the p e n e t r a t i o n t h e o r y in h i s 
s tudy of l iquid and gas p h a s e s in abso rp t ion p r o c e s s e s . In th is t h e o r y , m a s s 
is a s s u m e d to be t r a n s f e r r e d into the l iquid p h a s e u n d e r u n s t e a d y s t a t e con ­
d i t ions . The equat ion which r e l a t e s the m a s s flux at a point in the s u r f a c e of 
the l iquid in con tac t with a gas phase is given as 

- N A = i ^ j ( C , - C , ) (3.2) 

w h e r e t equals t i m e of contac t of l iquid and gas p h a s e s . The t h e o r y was 
effective in p rov id ing fu r the r ins ight into the c o r r e c t m e c h a n i s m for m a s s 
t r a n s p o r t . 
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c. Random Surface Renewal Theory 

Danckwerts ' ' ' " modified Higbie's theory to apply to absorp­
tion in turbulent flow. 

-Na = (D^s)'^^ (C1-C2). (3.3) 

The experimental data were shown to be consistent with 3.3 as indicated by 
Hanratty. This recent evidence tends to disfavor the concept of the laminar 
sub-layer and pictures the mass exchange at the solid surface in te rms of 
mass exchange to eddies which penetrate directly to the surface in turbulent 
motion. 

d. Random Eddy Penetration Model for Mass Transfer 

Harr io t t ' presented a modification of the previous penet ra­
tion models based upon the random motion of eddy lifetimes and a random 
distribution of distances from the solid surface. Harriot t chose a random 
sequence of distances, H, and times to fit distributions of the type: 

where a was taken as 1 for the distribution of lifetimes. For distances, 
a was taken as 1 and 2. 

Generally, this theory does not include the effect of flow 
across a surface. Harr iot t states that a more cri t ical test of this mass 
transfer model could be made if more data were available for Ng^ of 1,000 
to 100,000. 

e. Toor 's Fi lm-Penetrat ion Model 

The penetration theory of Higbie' and the random surface 
renewal theory of Danckwerts'" '" have been shown to be special cases of a 
more general theory as shown by Toor.'^ Toor presents a film-penetration 
model which includes the essential features of the surface renewal theories , 
viz., the surface renewal rate, the thickness of the region where the surface 
renewal occurs, and the molecular diffusivity, D.̂ . Experimental evidence 
has not yet been obtained to verify this theory or to differentiate betw^een 
the special cases of Higbie' and Danckwerts. ' '" This has been discussed 
in section B.2 of this chapter. 

f. Theories Pertaining to Interfacial Resistance 

Noted discrepancies between experimental data and that 
predicted by the other theories such as those previously mentioned, have 
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prompted many investigators to introduce the concept of a resistance to 
mass flux at the interface between phases." ' '*" '^ This deviation is usually 
attributed to the absence of thermodynamic equilibrium at the interface be­
tween phases. According to Scot t , " the concentration profiles at the in ter ­
face are related by a coefficient which relates the mass flux, NA- ^° ' "^ 
concentration in each phase and allows the mass flux to be written as : 

N A = k,(Cj-mCjj) (3.5) 

where the transfer coefficient, kj pertains to the region at the interface and 
approaches a very large value if there is no resistance, and approaches zero 
if there is an interfacial resis tance. The subscripts I and II refer to phases 
I and II, respectively. The term "m" in the above equation 3.5 represents 
the relationship between equilibrium concentrations in phases I and II. 

2. General Summary and Evaluation of Mass Transfer Theories 

For the purposes of the discussion which deals with solid-liquid 
mass transfer it seems appropriate to classify the above-mentioned theories 
as falling in either the film category or the surface renewal group. The 
concept of an interfacial resistance seems to be controversial at present and 
is not subject to incorporation in either category. Needless to say, however, 
more research involving this concept may allow such incorporation. 

There is at present insufficient experimental evidence to com­
pletely favor the film theory or the surface renewal theory. The mass 
transfer driving force for both theories is chosen as the difference in the 
bulk fluid concentration and the concentration at the interface. 

In the film theory proposed by Whitman' the fundamental assump­
tions are those of Nernst . ' These involve the assumptions of a stagnant layer 
of liquid or a liquid film adjacent to the solid surface. Turbulence may exist 
elsewhere in the system. These assumptions have in both cases been the 
starting point for the two-film theory and subsequent mathematical treatment 
of mass transfer. In penetration' or random surface renewal theories '" '" 
there is involved the continuous replacement of fresh liquid to the solid su r ­
face probably admitted by turbulent eddy motion. Usually the mathematical 
treatment of mass transfer in the latter case follows a certain sequence of 
prel iminary steps which involves generating mathematical relationships to 
express the rate of surface renewal, the distribution of eddy lifetimes or 
frequencies, as well as the molecular diffusivity of this system. For this 
study, it is more convenient to express the mass t ransfer coefficient in te rms 
of the following relationships for either the film theories or the surface 
renewal group: 

ki = Dy/Axf (Film Theories) (3.6) 

kl = (DvS)ii (Surface Renewal Theories) (3.7) 
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where k, is the mass transfer coefficient, D^ represents the molecular 
diffusivity, Axf represents the film thickness, s = fractional rate of su r ­
face renewal, and u represents the value of 0.5. The fundamental differ­
ence between the groups appears to be in the relationship of the mass 
transfer coefficient k to the exponent on the molecular diffusivity. In the 
former case the mass transfer coefficient is directly related to the molec­
ular diffusivity, and in the latter case the mass transfer coefficient depends 
upon the square root of the molecular diffusivity. 

However, it is noted that while verification of mass transfer 
data as definitely falling in either group may be possible, the direct verifi­
cation of either theory for different substances of widely variant physical 
propert ies presents difficulty. For example, in the film theory, the film 
thickness has not yet been directly measured. In the surface renewal theory, 
the rate of surface renewal remains an experimental problem. Therefore, 
neither theory may be regarded as entirely acceptable, and direct verification 
of either theory must be postponed until these experimental obstacles are 
overcome. 

3. Solid-to-Liquid Mass Transfer 

Several major contributions have been made in the field of solid-
to-liquid mass transfer. The theories which have been developed have 
attained varying degrees of success in predicting mass transfer data. Garner 
and Grafton developed equations for the mass transfer from a sphere. 
Friedlander ' and Kronig and Brujsten ' developed equations for heat and 
mass transfer from cylinders and spheres at low Nj^g. These a u t h o r s " were 
not able to predict with accuracy mass transfer rates and coefficients, for 
example, as did Friedlander with linearized solutions to the Navier-Stokes 
equations for the boundary layer. Sherwood and Ryan^° summarize the models 
previously used to describe turbulent diffusion between phases. More speci­
fically, they compare Hatta's stagnant film model with Danckwerts' (Refs. 9, 
10) penetration of a renewable interface model, which itself was a modifica­
tion of Higbie's model. Sherwood and Ryan propose a third model which 
utilizes a film and the expression developed by Deissler for the variation 
of eddy viscosity in the turbulent core Fur thermore , the same authors 
point out that the equation which will predict with accuracy the phenomena 
of heat and mass t ransport in turbulent flow must await the exact under­
standing of the mechanism of turbulence and turbulent transfer p rocesses . 

Therefore, in lieu of the inability to express the influence of 
individual parameters separately, the field of mass , heat and momentum 
transport has relied upon the correlation of experimental data by variables 
expressed in dimensionless groups. A recent example of this approach is 
found in the work of Steele and Geankoplis^^ in their semi- theoret ical ap-

/ k i , \ 
proach to the problem. They used the J , factor, I V T ~ N ^ ^ ) , for mass 

° \ Vs Sc/ 
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t r a n s f e r (Ch i l t on -Co lbu rn analogy) and c o r r e l a t e d t he i r data v e r s u s the 
Reynolds n u m b e r for the d i s so lu t ion of s p h e r e s of benzo ic ac id , 2 - n a p h t h o l , 
and c i n n a m i c ac id into w a t e r flowing p a s t the s p h e r e . 

4. M a s s T r a n s f e r and M e c h a n i s m s in Liquid Me ta l s 

In c o m p a r i s o n to the s i m p l e r s y s t e m s such as d i s s o l u t i o n into 
w a t e r or s o m e o r g a n i c l iquid, the m a s s t r a n s f e r of m e t a l s into m e t a l s i s 
expec ted to p r e s e n t a m o r e complex p r o b l e m as far as m e c h a n i s m is c o n ­
c e r n e d . It is r e a l i z e d , of c o u r s e , that a b e t t e r u n d e r s t a n d i n g of the l i qmd 
s t a t e could he lp in concept , des ign , and i n t e r p r e t a t i o n of a r e s e a r c h p r o b ­
l e m in th is a r e a . P r o v i d e d a t h e o r y of the l iquid s t a t e was wel l known and 
u n d e r s t o o d , an a p p r o a c h to the m a s s t r a n s f e r p r o b l e m in l iquid m e t a l s could 
obv ious ly be t h e o r e t i c a l , and could deal with a s t a t i c s y s t e m . Ano the r a p ­
p r o a c h in the t h e o r y of m a s s t r a n s p o r t , and one in which p r a c t i c a l i n f o r m a t i o n 
could r e s u l t i s to u t i l i ze a dynamic e x p e r i m e n t a l t echn ique . This m e a n s , in 
e s s e n c e , to u t i l i ze a flowing s y s t e m . The r a t e of m a s s t r a n s f e r was m e a s u r e d 
for m e t a l s h a p e s d i s so lv ing in m e r c u r y at r o o m t e m p e r a t u r e by Dunn and 
Bonil la .^ Sherwood n u m b e r s for h o r i z o n t a l c y l i n d e r s of t in, c a d m i u m , z i n c , 
and lead d i s so lv ing by n a t u r a l convect ion a g r e e d with N u s s e l t n u m b e r s for 
hea t t r a n s f e r in n o n m e t a l l i c l iquids at the s a m e Rayle igh n u m b e r s (Grashof x 
P r a n d t l n u m b e r ) . Disso lv ing of zinc tubes by m e r c u r y flowing th rough t h e m 
a g r e e d with hea t t r a n s f e r c o r r e l a t i o n s for n o n m e t a l s y s t e m s at a Reyno lds 
n u m b e r r a n g e be tween 5 x 10^ and 2 x 10^. Bonil la did not i n v e s t i g a t e m a s s 
t r a n s f e r f rom s p h e r e s . G e n e r a l l y , he concluded that m a s s t r a n s f e r in l iquid 
m e t a l s y s t e m s followed the s a m e c o r r e l a t i o n s as p r e s e n t e d for o t h e r so l ids 
and fluids in m a s s t r a n s f e r . 

The w o r k of Eps t e in is r e c a l l e d in connec t ion with a t r e a t m e n t 
to the m a s s t r a n s f e r p r o b l e m w h e r e the i r o n - s o d i u m s y s t e m was ana lyzed . 
E p s t e i n i nd i ca t e s that in a s t a t i c , i s o t h e r m a l s y s t e m , the r a t e of m a s s t r a n s ­
fer is d e t e r m i n e d by c l a s s i c a l solut ion t h e o r y which involves a so lu t ion r a t e 
cons tan t . As pointed out by Eps t e in , the value of th is p a r a m e t e r depends 
upon which of the following two m e c h a n i s t i c s t e p s is r a t e c o n t r o l l i n g : 

a. The diffusion of so lu te through the l iquid; 

b. The t r a n s f e r of so lu te through a so l id f i lm of s o m e p r o d u c t 
of c h e m i c a l r e a c t i o n at the so l i d - l i qu id i n t e r f a c e . 

Manly men t ioned the following p o s s i b l e m e c h a n i s m s in his c o r r o s i o n s tudy : 

(1) s i m p l e solut ion of m e t a l ; 

(2) a l loying of sol id m e t a l cons t i t uen t s with so lven t m e t a l ; 

(3) i n t e r g r a n u l a r diffusion; 

(4) r e a c t i o n of i m p u r i t i e s ; 
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(5) temperature gradient induced mass transfer; and 

(6) concentration gradient induced mass transfer. 

In a dynamic system such as the one employed in the study described in ' 
this report (the dissolution of uranium spheres in flowing cadmium), the 
following probable mechanisms might be suggested as additional ones for 
consideration: 

(7) mechanical attrition (i.e., turbulence effects) 

(a) regular mass t r ans fe r - -no surface pitting 

(b) regular mass t ransfe r - -h igh surface pitting; 

(8) generation of electromotive couple; and 

(9) chemical reaction products adhering to solid phase at 
in te r face- - i . e . , interfacial resis tance. 

It may be helpful to summarize all of these listed mechanisms 
to present a c learer picture of the dissolution process . For this d iscus­
sion the following table has been prepared. Examination of Table I shows 
the following possibilities as regards individual mechanisms which may 
occur during dissolution: 

(1) A change in temperature of either solute or solvent may 
induce a temperature gradient which influences the concentration profiles in 
the vicinity of the solid-liquid interface. If solubility changes with tempera­
ture, then the concentration driving force which is taken as the saturated 
concentration minus the concentration in the bulk liquid becomes a function 
of temperature of the liquid. The physical properties of the liquid such as 
density, viscosity, molecular diffusivity, are a function of temperature. 

(2) Chemical reactions tend to complicate mass transfer 
because of the probable formation of chemical reaction products. These 
products may collect on the solid surface and reduce the mass transfer rate. 
The chemical reactants may also react at local sites on the solid surface; 
these local spots may res i s t mass transfer and as a result dissolution occurs 
around them until the final result is that these same areas are dissolved out 
carrying entire chunks of solute crystals with them. After chunks of solute 
crystals are dug out the surface becomes susceptible to accelerated dissolu­
tion. Reactions between chemical reactants at grain boundaries may provide 
a s tar t for intergranular penetration. This becomes especially important 
when temperature changes bring about expansion of the reaction products at 
grain boundaries which tend to open paths for intergranular diffusion of liquid 
into solid. 
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TABLE I, Mass Transfer Characterist ics 

Factor or Source of 
Proposed Mechanism Mechanism or Result of Source 

1. Temperature 1. Temperature-gradient induced mass 
transfer. 

2. Variation of solubility with tempera ture . 
3. Variation of physical propert ies of 

solvent. 
2. Chemical Reactions 1 Chemical reaction at interface of solid 

and liquid causing finite res is tance. 
2. May occur at local sites thus causing 

local attack and hence an increase in 
interfacial area for other mechanisms 
present. 

3. Occurrence at gram boundaries causes 
possible expansion of solid s t ructure 
especially at temperature variation 
making substrate susceptible to porous 
or intergranular diffusion. 

3. Solute Surface 1. Acid treated surfaces may lead to part ia l 
Preparat ion Pr ior or initial dissolution. 
to Exposure to 2. Surface electropolished may also cause 
Solvent some effect on initial dissolution rate. 

3. Hardness variation over surface. 

4. Solute Characterist ics 1. Hardness, and/or chemical affinity for 
solute to solute molecules or atoms may 
lead to ease of molecular activation, 
erosion susceptibility, etc. 

2. Crystal orientation at solid surface and 
at grain boundaries. 

3. Grain size, anisotropy effects, impuri ­
ties, may lead to intergranular penet ra­
tion, reactions at grain boundaries, etc. 

4. Porosity of solid, that i s , number of and 
length of diffusion paths. 

5. Solvent Saturation 1. Concentration of solute in solvent affects 
concentration induced mass transfer . 

2. Heterogeneous reactions between phases 
may cause formation of intermetall ics 
which .complicate thermodynamic 
description. 

3. Purity of solvent. 
4. Classification of solvent (i.e., metal, fused 

salt, electrolyte, organic or water, etc.) 



(3) The condi t ion of the s u r f a c e of the so l id , for e x a m p l e 
i ts r e l a t i v e r o u g h n e s s , m a y affect the i n i t i a l m a s s t r a n s f e r r a t e . F u r t h e r ­
m o r e , if t h e s u r f a c e of the so l id v a r i e s in r e l a t i v e h a r d n e s s d i s s o l u t i o n wi l l 
t ake p l a c e a t a f a s t e r r a t e on the so f t e r a r e a s . In g e n e r a l , a m e t a l s u r f a c e 
that h a s been ac id c l e a n e d to r e m o v e oxide f i lms is r o u g h e r than a s u r f a c e 
that has been e l e c t r o p o l i s h e d for the s a m e p u r p o s e s . 

(4) Solute c h a r a c t e r i s t i c s a r e i m p o r t a n t in the m a s s t r a n s ­
fe r f r o m s o l i d s to so lven t m e d i a . The r e l a t i v e h a r d n e s s of d i f fe ren t s o l u t e s 
b e c o m e s a m a j o r f a c t o r in affect ing the m a s s t r a n s f e r r a t e u n d e r cond i t ions 
of so lu t ion r a t e m a s s t r a n s f e r . So lu tes wi th h a r d n e s s n u m b e r s c l o s e to 
tha t of t a l c , v i z . , b e n z o i c ac id and c i n n a m i c ac id wi l l c e r t a i n l y be a t t a c k e d 
to a g r e a t e r ex ten t than m e t a l so lu t e s by e r o s i o n and m e c h a n i c a l a t t r i t i o n . 
S ince the d e g r e e of e r o s i o n at a so l id s u r f a c e is a l so a funct ion of the r e l a ­
t ive v e l o c i t y be tween so l id and l iquid as we l l as h a r d n e s s , the effects of 
e r o s i o n a r e e x p e c t e d to be g r e a t e s t at the h ighe r pumping r a t e s . 

C r y s t a l o r i e n t a t i o n at b o u n d a r i e s which a r e e x p o s e d to 
so lven t o r in r e g i o n s w h e r e so lven t m a y diffuse du r ing d i s s o l u t i o n m a y 
a l low o v e r a l l d i s s o l u t i o n to p r o c e e d in a p r e f e r r e d d i r e c t i o n or m a n n e r . 
In s o l u t e s \vhere the g r a i n s a r e r e g u l a r l y o r i e n t e d and w h e r e i n t e r g r a n u l a r 
o r p o r o u s diffusion is p r e s e n t , the r a t e s of a t t a c k m a y be d i f fe ren t than 
u n d e r s i m i l a r c i r c u m s t a n c e s for s o l u t e s which p o s s e s s r a n d o m l y - o r i e n t e d 
s t r u c t u r e s . 

The condi t ion of the ind iv idua l g r a i n s such as v a r i a t i o n 
of g r a i n s i z e which a l so i m p l i e s a change in s u r f a c e a r e a and a l so c e r t a i n 
a n i s o t r o p i c p r o p e r t i e s m a y a l low p r e f e r e n c e to one o r m o r e of the s e v e r a l 
d i s so lu t i on m e c h a n i s m s as we l l as a l low di f ferent r a t e s of a t t a c k at i nd iv id ­
ua l g r a i n s . 

(5) The condi t ion and s t a t e of the so lven t m e t a l m a y b r i n g 
about m a s s t r a n s f e r u n d e r d i f ferent cond i t ions . The c o n c e n t r a t i o n l e v e l of 
the so lu te in the so lven t as a l r e a d y men t ioned m a y affect the m a s s t r a n s f e r 
r a t e . If the so lven t con ta ins i m p u r i t i e s or c h e m i c a l r e a c t a n t s , then i n t e r ­
m e t a l l i c s m a y f o r m be tween the v a r i o u s i m p u r i t i e s , and the so lven t o r s o l u t e , 
which tend to c o m p l i c a t e the d i s s o l u t i o n p r o c e s s . The g e n e r a l c h e m i c a l 
n a t u r e of the so lven t m a y a l s o p lay an i m p o r t a n t r o l e with c e r t a i n s o l u t e s . 

The above d i s c u s s i o n has dea l t wi th m a s s t r a n s f e r and m e c h a ­
n i s m s which m a y be a p p l i c a b l e to l iquid m e t a l s y s t e m s . Mos t g e n e r a l l y , 
h o w e v e r , the da ta p r e s e n t e d on m e t a l s y s t e m s in the l i t e r a t u r e w e r e f r o m 
c o r r o s i o n s t u d i e s and w e r e ob ta ined as a r e s u l t of the p r e s s i n g d e v e l o p ­
m e n t a l p r o b l e m s a s s o c i a t e d wi th the i n t e g r a t e d d e v e l o p m e n t of n u c l e a r 
r e a c t o r s . Hoffman^^ g ives the s u m m a r y of c l a s s i f i e d and u n c l a s s i f i e d 
l i t e r a t u r e to 1959 dea l ing wi th l i t h ium. The w o r k was c o n c e r n e d wi th the 
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c o n t a i n m e n t of l i t h ium in e n g i n e e r i n g s y s t e m s . Until r e c e n t l y , t e r e 
l i t t l e i n f o r m a t i o n on the k ine t i c and so lub i l i t y r e l a t i o n s h i p s for m e t a l s i s -
so lv ing in l i t h ium. W a r d and T a y l o r " s tud ied the k ine t i c s of d i s s o l u t i o n o 
coppe r in l iquid l ead and b i s m u t h and a l so i r o n in b i s m u t h . M e a s u r i n g t e 
so lu te c o n c e n t r a t i o n as a function of t i m e at v a r i o u s t e m p e r a t u r e s un e r 
s t a t i c and d y n a m i c cond i t i ons , they concluded that the ne t r a t e of d i s s o l u t i o n 
was d e t e r m i n e d by the diffusion s t e p . S tevenson and Wolff" s u r m i s e d t at 
the d i s so lu t i on of c o p p e r and n i c k e l in l iquid lead is diffusion c o n t r o l l e d at 
l ower v e l o c i t i e s , but m i x e d c o n t r o l , i . e . , diffusion and so lu t ion r a t e , o c c u r s 
at the h ighe r v e l o c i t i e s . L o m m e l and C h a l m e r s " employ ing a d i f fe ren t 
t e chn ique , conc luded tha t the d i s so lu t ion of lead in l iquid l e a d - t m a l loys 
was diffusion l i m i t e d at no s t i r r i n g r a t e s and at high s t i r r i n g r a t e s was 
so lu t ion r a t e l imi t ed . 

5. D i s so lu t ion as a Ra te P r o c e s s 

H e r e , the d i s so lu t i on p r o c e s s m a y be c o n s i d e r e d to be a r e s u l t 
of e i t h e r ind iv idua l , c o n s e c u t i v e , o r s i m u l t a n e o u s d r iv ing f o r c e s which p r o ­
vide the po t en t i a l for m a s s flux and which is l i m i t e d or c o n t r o l l e d by s o m e 
r e s i s t a n c e such as a f i lm, i n t e r f a c i a l r e s i s t a n c e , o r r e a c t i o n m e c h a n i s m . 
S e v e r a l r a t e s could be p o s t u l a t e d but the m o s t p r o b a b l e and t h e r e f o r e the 
m o s t fundamenta l ones m a y be i m m e d i a t e l y w r i t t e n for a d y n a m i c i s o t h e r ­
m a l loop such as the one employed in this s tudy. T h e s e follow be low: 

(1) e a s e of m o l e c u l a r ac t iva t ion at i n t e r f a c e ; 

(2) diffusion of so lu te m o l e c u l e s th rough a s a t u r a t e d f i lm o r 
p a r t i a l l y s a t u r a t e d f i lm, v iz . , a N e r n s t f i lm; and 

(3) diffusion of so lu te m o l e c u l e s th rough a c o m p l e t e o r p a r t i a l 
zone of s o m e c h e m i c a l r e a c t i o n p roduc t at the i n t e r f a c e . 

Note that Epstein^^ d i s c u s s e d the l a t t e r two s t e p s . 

In the m o s t g e n e r a l c a s e , it is a s s u m e d that a l l of t h e s e p o s t u ­
l a t e s a r e p r e s e n t and that each c o n t r i b u t e s a c e r t a i n r e s i s t a n c e to m a s s 
flux f rom the so l id p h a s e . Appa ren t ly , the f i r s t m e c h a n i s m is a lways p r e s e n t 
s i n c e a n e c e s s a r y amount of e n e r g y m u s t be supp l i ed to the so l id p h a s e at 
the i n t e r f a c e to a c t i va t e the diffusing a t o m s o r m o l e c u l e s . The concep t of a 
so lu te diffusing th rough a s a t u r a t e d fi lm of so lven t l o c a t e d ad jacen t to the 
so l id at the i n t e r f a c e is r e l a t i v e l y e a s y to a c c e p t u n d e r the cond i t ions of 
l a m i n a r flow. Should the sol id p h a s e conta in i m p u r i t i e s o r a l loys which r e ­
ac t with the so lven t , or should i n t e r m e t a l l i c s be f o r m e d be tween so lu t e m o l e ­
cu les and the so lven t , diffusion of the r e a c t i o n p r o d u c t s to the s o l i d - l i q u i d 
i n t e r f a c e m a y al low the deve lopmen t of a f i lm which h i n d e r s m a s s t r a n s f e r . 
Under condi t ions of m e d i a n pumping r a t e s w h e r e the l eve l of t u r b u l e n c e is 
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moderate , these reaction products may completely adhere to the solid s u r ­
face and a definite res is tance to normal mass t ransfer occurs . As the 
pumping rate is increased to higher relative velocities, to a Reynolds num­
ber range of 5 x lO', the level of turbulence increases and its effect at the 
solid-liquid interface tends to a maximum as some of this reaction product 
zone or all of it is car r ied away by eddy penetration to the solid surface. 

From the consideration of dissolution as a rate process and for 
the purposes of an analytical study simple models may be suggested which 
help form the foundation for the treatment of experimental data. In te rms 
of the rate steps listed above, the following cases (I-IV) classify typical 
conditions for dissolution under varying flow rates and tempera tures . 

Case I Laminar FI0W--N0 Chemical React ion-- The steps 
which might exist are (1) surface activation of solute followed by (2) the 
molecular diffusion through the Nernst film. 

Case n Laminar Flow--With Chemical React ion-- Here, d i s ­
solution from solute into the solvent may occur according to (1) surface 
activation, (2) diffusion across a surface film formed by possible adherence 
of chemical reaction products or intermetall ics followed by (3) diffusion 
through a Nernst type liquid film. 

Case III Slightly Turbulent Flow--I t is postulated that the bound­
ary layer begins to become unstable with some eddy penetration to the solid 
surface. Therefore, there is possibly a region where mixed control occurs 
as molecular diffusion and solution rate. This probably manifests itself in 
the initial stages predominantly as molecular diffusion with a gradual change 
and preference to solution rate as the relative velocity is increased to fully 
turbulent flow. The sequence of steps may vary depending upon the presence 
or absence of chemical reaction products or intermetal l ics : 

(1) No Chemical Reaction P roduc t s - - In this situation the fol­
lowing may occur: 

(a) The solute molecules a re activated, and 

(b) either diffuse through a boundary layer to the bulk 
s t ream, or the solute molecules may be swept from the solid surface by the 
fluid momentum. A part ial boundary layer still exists. 

(2) Chemical Reaction Products P r e s e n t - - I t is proposed that 
the following may exist: 

(a) The solute molecules are activated, and 

(b) must then diffuse across an adhering film of chemical 
reaction products where step (b) of (1) above may apply. 



30 

Case IV Fully Turbulent Flow-- Turbulent conditions and tu r ­
bulent diffusion through phases constitute the most difficult situation to 
assign a model for dissolution. The model would have to account for the 
actual shift of the boundary layer over the sphere and its absence at the 
very high velocities. Fur thermore, if chemical reaction products were 
present , the mechanical forces resulting from turbulent eddies acting at 
the solid surface may not allow deposition of chemical reaction products. 
Mention must also be made of the probable existence of an important 
mechanism at the higher velocities, commonly called pitting. 

Pitting results at specific locations on the solid surface which 
may be pres t ressed zones where the solute is more resis tant to attack 
than at other areas ; in this situation entire chunks of crystals may be left 
in initial stages of dissolution as adjacent areas of the solute are dissolved 
away. Finally, the solute is dissolved around the points of higher relative 
potential energy and the chunks are eroded away. Pitting may also occur at 
the low or high relative velocities as a result of cavitation erosion which r e ­
sults from an abnormal pressure distribution over the solid surface. An­
other reason for pitting may result from nonuniform solute purity. This 
type of pitting could occur at any velocity range as dissolution progressed. 
If inclusions resulting from the presence of impurit ies, or solid state chem­
ical reactions resulting from the reaction between impuri t ies , or impurit ies 
and solute, exist in the solid phase, dissolution may occur around them. They 
are therefore swept away by the fluid momentum as they are loosened 
leaving depressions or cavities in the solid surface. The final result , in 
essence, amounts to a pitted solid surface and an increase of solid phase 
surface area. 

6. Semi- empirical Correlations in Mass Transfer 

Employing dimensional analysis many engineers have correlated 
much data for heat and mass transfer. In general, many of these correlations 
for mass transfer employ the Sherwood number, the Reynolds number, the 
Schmidt number, and the Grashof number modified for mass transfer . For 
fluids with Prandtl and Schmidt numbers >1, the counterparts to these num­
bers in heat transfer are the Nusselt number, the Reynolds number, the 
Prandtl number, and the Grashof number for heat t ransfer . 

A semi-theoretical approach to mass transfer from spheres has 
been shown by Steele who employed the classical Chilton-Colburn analogy 
for mass transfer. It is recalled that the Chilton-Colburn analogy is s t r ic t ly 
valid for Npj. and Ng .̂ equal to 1 since it stems from the Reynolds analogy. 
However, its general use and derivation has been discussed in Chapter III. 
It will be useful to also test the applicability of this correlation in this study. 
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a. Correlations from Spheres Using Ngj^ 

Sherwood^' presents a summary of data on mass t ransfer 
to single spheres , but does not compare the results with friction or momen­
tum transfer . The data which were correlated were selected from the 
following; Froessl ing on aniline, water, naphthalene, nitrobenzene: Powell 
on water and ice; Houghton and Radford^^ on water data as correla ted as the 
Sherwood number as ordinate versus the product of the Reynolds' number 
and Schmidt number to the 2/3 power on a log-log plot. Sherwood states that 
for these substances, the data for heat and mass transfer appear to be in fair 
agreement. 

Steinberger and Treybal* measured the dissolution rates 
from benzoic acid spheres and employed the functional correlation 

Nsh = V'(NRe, Nge, N^r)- (3-8) 

They compared their results with those of Mathers^'' for natural convection 
and with Maisel,^'' Kramers,-'^ Garner and Grafton," Garner and Suckling,^' 
and Gates and Shanks^' to show the effect of Grashof and Schmidt moduli. 
Assuming that the general correlation for mass transfer from spheres to 
liquids and gases was of the following form 

Ngh = 2.0 + 0.569(NGrNsc)° '" + 0.347 NRe''-"(Ns<!)°-" (3,9) 

they correla ted data of Froess l ing, Houghton and Radford,^^ Hsu, Sato, 
and Sage,^' Maisel and Sherwood,^* Powel l" Ranz and Marshall , ^ Garner 
and Grafton,^' Garner and Suckling,-'' and Gates and Shanks^' for mass t r a n s ­
fer and found that the data could be correlated over a wide range of number 
moduli m t h an average deviation of about 20 percent. All of these data were 
below a Reynolds number of 10^. 

b. Correlations Using the J ĵ Factor 

The Chilton-Colburn J ĵ factor for mass t ransfer is given as 

J d = ^ ( N s c ) ' ^ ' (3.10) 

Jd = 0.023(NRe)-''-^ (3.11) 

for forced convection conditions. For the viscous region, the Leveque 
equation becomes 

Jd = 1.61(NRg)-' '- ' ' ' (L/D)-' /3. (3.12) 
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Linton and Sherwood^' on mass transfer inside of tubes made from cinnamic 
acid, benzoic acid, and 2-naphthol showed that equations 3.11 and 3.12 p r e ­
dicted rates with reasonable agreement with experiments. However, mass 
transfer on wetted wall columns did not agree too well because of movement 
of the liquid film. 

c. Dissolution from Plates 

Using flat plates of stainless steel 304 and liquid lithium. 
Gill et.al_.*° studied the mass transfer rate and used Von Karmans integral 
method to analyze the data. They made a heat balance over a flat metal 
plate using the l /7 power law for turbulent velocity distribution and ar r ived 
at relationships for local and total fluxes: 

q = 0.0285 pCpVe(M/pVoz)°-^ (3.13) 

q = 0.356 )LiCpe(pVL//i)°' (3.14) 

The assumption is that for a constant AC the integral mass flux over the 
length of the plate varies with (VoL//i)°' for an isothermal system if liquid 
resistance controls. If the transfer process is controlled by solid-phase 
diffusion, the rate is independent of velocity and directly proportional to 
the length of the plate. 

Dunn and Bonilla' as previously stated, studied the mass 
transfer rates of solid metal shapes dissolving into mercury. Natural con­
vection mass transfer involved the rates of dissolution of cylinders of tin, 
lead, zinc, and cadmium in mercury. Also, mercury "was pumped through 
zinc tubes and the mass transfer data correlated employing the Sherwood 
number as a function of the Grashof number for mass t ransfer and the 
Schmidt number. They concluded that mass transfer in liquid metals essen­
tially followed mass transfer in other systems and agreed fairly well with 
heat transfer in nonmetals. They found that the J j factor for packed beds of 
metal shot dissolving m Hg could be better correlated when the Schmidt 
number was raised to the 0.58 exponent.' 

d. Discussion of Chilton-Colburn Analogy'^ 

The classical analogy between heat transfer and pipe friction 
known as the Reynolds analogy is str ictly valid when Npj. and Ng^ equal 1. 
The analogy holds for most gases at ordinary p r e s s u r e s . 

Prandtl and Taylor'" modified the Reynolds analogy for heat 
transfer by allowing for the mechanism of heat transfer in the laminar, 
buffer, and turbulent zones and as a result of relating their expression and 



the expression for the momentum transfer coefficient f, the following 
equation resul ts for the relationship between heat and the momentum 
transport 

h = T C p V a P / , , ^ \ , r . (3.15) 2 ^P'-arT-^^ y 
'i - i n + ULTSS P r ) 

It is found that equation 3.15, although a modification and improvement of 
the Reynolds analogy, for heat t ransfer still does not predict data well for 
substances whose Npj. is greatly different from unity. 

Colburn in a heat t ransfer correlation found that the data 
could be described more completely by replacing the t e rm 

/ Vp Vp \ 
V ' ^ + "vjNpr j (3.16) 

by the t e rm Np^. ra ised to the 2/3 power. Upon this substitution, 
equation 3.15 becomes 

N 
h = 7 CpVaP ;̂ 727T • (3.17) 

P r 

Equation 3.17 m a y b e solved for the momentum transfer coefficient or 
friction factor f. 

The t e rm on the right side of the equality in equation 3.18 is called the 
Chilton-Colburn J^ factor for heat t ransfer . 

Equations 3.15, 3.16, and 3.17 are based upon the analogies 
which may be written between heat and momentum transfer . Similar expres ­
sions may be developed between mass and momentum transfer as well as the 
Taylor-Prandt l analog for mass t ransfer . This allows the Colburn J j factor 
for mass t ransfer to be written with a procedure s imilar to that described. 
In this case the mass t ransfer is character ized by the Schmidt number, Ng , 
in the same way that the Prandt l number, Npj., character ized heat t ransfer . 
Therefore, the mass t ransfer equation s imilar to equation 3.15 for heat 
t ransfer becomes 

f k„M-,P/ Vp VT;- \ 
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7 = ^ ( % c ) ^ ^ ^ = Jd. (3-^°) 

This expression with the Schmidt number to the 2/3 power in equation 3.20 
is the Colburn J^ factor for mass transfer. Treybal^' states that the t e rm 

of equation 3.19 may be considered as the result of two contributions (again 
allowing for the different mechanisms of mass transfer) . The first part of 

/ V^\ / VpN 0 
equation 3.21, I.e., II-TTE-I, may be taken as I 1 - -p - I Ng and according to 
Treybal'" represents the contribution to mass transfer in the turbulent core. 

Vp 
The remainder of the term,viz . , —- N' , represents the laminar film con-

Va Sc 
tribution where the importance of D.̂  or the Ng^ to the power of 1 is im­
portant. The Colburn modification according to Treybal compromises the 
two contributions by assigning the Ng ,̂ an exponent of 2/3 which is between 
0 for the turbulent contribution and 1 for the laminar contribution. The 
implication of a compromise between the laminar and turbulent contributions 
which leads to the exponent of 0.666 is questionable for liquid metals . 
Therefore, the exponent on the Schmidt number for this study may be different 
than 0.666. Gaffney and Drew^ found that for the mass transfer from succinic 
acid spheres in packed beds to water that a plot of aHt versus the Schmidt 
number showed that the exponent on the Schmidt number was 0.58. They also 
found that the exponent for gases was 0.666. 
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IV. STATEMENT OF PROBLEM 

A. Introduction 

Liquid metals constitute a group of substances which are especially 
interest ing because of their specific physical proper t ies . For example, 
their relative high thermal conductivities make them an excellent choice 
for coolants in nuclear reac tors when other factors are considered such as 
their low melting points, and high densities with corresponding low vapor 
p r e s s u r e s . Thus, they are capable of removing relatively large amounts 
of heat in relatively small volumes. As a result of this application, quite 
a voluminous amount of mater ia l has been published concerning their heat 
transfer properties.•*^''*^ Comparison of the experimental data in liquid 
metals with the predicted data for heat transfer coefficients of liquid metals 
showed that the empirical expressions for the Nusselt number Nĵ ĵ  must be 
modified to account for these discrepancies. 

Corrosion problems in these systems are very important since ther ­
mal differences in a loop can result in dissolution and deposition at some 
cold spot giving a "plugged" condition. A study of these problems involves 
the determination of the mass transfer coefficients and their variation m t h 
other pr ime var iables . In aqueous systems where mass t ransfer data are 
not available for some specific system, but heat t ransfer data are available, 
these coefficients for mass transfer may be predicted from the heat t ransfer 
data employing the Chilton-Colburn analogy. Many of the underlying a s ­
sumptions here are based upon the Reynolds analogy which only holds for 
values of the Npj. and Ng^ equal to 1. It becomes obvious then, that mass 
t ransfer data cannot be predicted from empirical equations s imilar to those 
given for heat t ransfer by simply replacing dimensionless groups in heat 
t ransfer by their counterparts in mass t ransfer for the liquid metals since 
the Npj. is much less than 1 for liquid metals . 

For the above reasons , it was decided to study mass t ransfer in 
liquid metal sys tems. A study of mass transfer from a metal sphere in a 
flowing metal system was selected because this would constitute an ex­
tension of s imilar work by Steele and Geankoplis in aqueous sys tems. 
Appreciable differences in the physical propert ies of metal systems as 
compared -with aqueous systems result in considerable difference in dimen­
sionless groups used to corre la te mass transfer data, i .e. , Reynolds and 
Schmidt numbers . This makes possible a better definition of the effects of 
various pa ramete r s on mass t ransfer . Mass t ransfer in metal systems was 
also of in teres t to the co-sponsoring institution, Argonne National Laboratory, 
because of its strong in teres t in the use of metal systems for processing 
nuclear fuel mate r ia l s . 

The specific problem was considered to consist of two pa r t s : f irst , 
a determination of mass t ransfer data as a function of pr ime variables 



such as v e l o c i t y and p h y s i c a l p r o p e r t i e s of the m e d i u m , s econd ly , a c o m ­
p a r i s o n of the e x p e r i m e n t a l l y d e t e r m i n e d da ta wi th o t h e r m a s s t r a n s f e r 
da ta to t e s t the r a n g e of a p p l i c a b i l i t y of p r e v i o u s m a s s t r a n s f e r c o r r e l a ­
t ions which have been p r o p o s e d for v a r i o u s g a s e s and l i qu id s . It was 
be l i eved that th is p r o b l e m should y ie ld s o m e knowledge of the g e n e r a l i t y 
of m a s s t r a n s f e r c o r r e l a t i o n s and should p r o v i d e s o m e ins igh t into the 
r e l a t i v e i m p o r t a n c e of n e w e r m a s s t r a n s f e r t h e o r i e s . 

B. P r o b l e m S t a t e m e n t 

1. Scope 

It was thought that the i nves t i ga t ion of the v a r y i n g effects of 
the d i f fe ren t m e c h a n i s m s p o s t u l a t e d in m a s s t r a n s f e r and the e x t e n s i o n of 
known m e t h o d s of c o r r e l a t i n g e x p e r i m e n t a l da ta could b e s t be a c c o m p l i s h e d 
wi th a d y n a m i c s y s t e m . P r o b a b l y , b e c a u s e of the c o m p l e x p h e n o m e n a o c ­
c u r r i n g dur ing the t r a n s p o r t in l iquid m e t a l s , the s e m i - t h e o r e t i c a l o r e m p i r ­
i ca l a p p r o a c h in the a n a l y s i s of the data offers a m o r e a t t r a c t i v e i n t e r p r e t a ­
tion of the da ta . 

2. Se lec t ion of the U r a n i u m - C a d m i u m S y s t e m 

The u r a n i u m - c a d m i u m s y s t e m ( see Fig . 1) was chosen for th i s 
s tudy b e c a u s e of the following c o n s i d e r a t i o n s : 

a. It was d e s i r a b l e to choose a s y s t e m which would a l low the 
t e m p e r a t u r e effect on the Schmid t n u m b e r to be d e t e r m i n e d . Tha t i s , the 
va lue s of the exponent on the Schmid t n u m b e r could be d e t e r m i n e d by v a r y ­
ing the t e m p e r a t u r e of the s y s t e m which i m p l i e s a change in the p h y s i c a l 
p r o p e r t i e s . 

b. B e c a u s e of the p o s s i b l e f o r m a t i o n of i n t e r m e t a l l i c s which 
tend to c o m p l i c a t e the d i s so lu t ion p r o c e s s , it was c o n s i d e r e d d e s i r a b l e to 
s e l e c t a s y s t e m b a s e d upon i ts p h a s e d i a g r a m w h e r e the l iquid was in 
e q u i l i b r i u m with p u r e sol id so lu te ove r an ex tended t e m p e r a t u r e r a n g e . The 
u r a n i u m - c a d m i u m p h a s e d i a g r a m shows that no i n t e r m e t a l l i c s a r e f o r m e d 
above a t e m p e r a t u r e of '~'475°C. 

c. The u r a n i u m - c a d m i u m p h a s e d i a g r a m a l so shows that above 
471°C, the so lub i l i t y of u r a n i u m in c a d m i u m , as a function of t e m p e r a t u r e , 
r e m a i n s f a i r l y cons t an t . This fact p r o v i d e s a p o s s i b l e way of e l i m i n a t i n g 
the v a r i a t i o n of so lub i l i t y with t e m p e r a t u r e when m a s s t r a n s f e r c a l c u l a t i o n s 
a r e m a d e b a s e d upon the c o n c e n t r a t i o n dr iv ing f o r c e . The d r i v i n g f o r c e for 
m a s s t r a n s f e r is c o n s i d e r e d to be the d i f fe rence in the so lub i l i t y at the 
s a t u r a t e d condi t ion and the a c t u a l c o n c e n t r a t i o n of the so lu t e in the l iquid 
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d. The techniques of chemical analysis of uranium in cadmium 
were available in the Chemical Engineering Division at Argonne. Sufficient 
technology dealing with the handling and mater ia ls problems of uranium and 
liquid metals such as cadmium and zinc was also available. 

e. The mater ia ls of construction of the cadmium-uranium 
system was considered to be a minor problem, since cadmium does not wet 
nor leach elements such as Ni, Cr, etc. from the stainless s teels . In static 
corrosion tests at Argonne** in a circulating loop, it was found that below 
640''C, SS314 res is ted corrosion attack by cadmium better than others in 
the s e r i e s , either SS316 or SS405. 

3. Experimental Approach 

Single, solid spheres of uranium are to be placed in a pipe and 
positioned in the s t r eam by a small support rod from the rear . The spheres 
will be of l /2 - inch diameter, and the test section, i .e. , the conduit, will be 
1.5-inch pipe; the flowing fluid will be molten cadmium and will be c i rcu­
lated past the test sphere in a continuously connected closed loop. 

4. Variables to Be Studied 

The effects of temperature , velocity of flowing fluid, and concen­
tration difference will be observed on the net rate of dissolution. 

a. Velocity 

The velocity of the flowing molten cadmium will be varied 
which implies a change in the Reynolds number. In the low velocity range 
it is possible to establish analytical relationships as in laminar flow. There 
certainly is a need to investigate the high Reynolds numbers as this will 
extend previous data and more fully help define the general mass t ransfer 
behavior in this regime. 

b. Temperature 

The tempera ture was varied from 500 to 600°C in order to 
vary the physical propert ies and the Schmidt number of the molten cadmium. 
The Schmidt number was changed by approximately 60%. 

c. Driving Force for Mass Transfer 

The concentration of uranium in the molten cadmium will be 
varied as a fraction of the saturated condition. At saturation the driving force 
is zero, and no mass flux should be obtained. Others have noticed a t ransfer 
of mass . 
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V. DESCRIPTION OF PROCESS FLOW FOR MASS TRANSFER 

The fundamental process employed in the mass t ransfer from 
single, solid uranium spheres to molten cadmium employed an a r range­
ment of experimental equipment shown as a line drawing in Fig. 2. Molten 
cadmium at temperatures between 500 and 600°C was pumped from the 
pump reservoir at B into a 1.5 inch inside diameter pipe at D, through 
an orifice at E, around the 1.5 inch pipe into the hydrodynamic entrance 
length at F and past the uranium sphere at J. After flowing past the 
uranium sphere at J, the molten cadmium discharged into the surge 
reservoir at A. The surge reservoir was connected to the pump reservoi r 
by a 4 inch inside diameter pipe which closed the dynamic loop. This 
created a circuitous path for the molten cadmium. Uranium spheres which 
were used as test samples were inserted into the experimental position 
at J for a mass transfer run. The samples were inserted and removed 
from the experimental position through the sample port shown at C. 
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Fig. 2. Process Flow for Mass Transfer Study 
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The fundamental process variables investigated were the weight 
loss from the sphere, the velocity of the molten cadmium, the tempera ture 
of the molten cadmium, the concentration of the uranium in the molten 
cadmium, and the time of exposure of the uranium sphere to the molten 
cadmium. Provisions were provided for recording the RPM of the pump 
versus the p ressure drop across the orifice. The temperature used for 
the mass t ransfer correlat ions was obtained by monitoring the molten 
cadmium at the dissolving position by using bayonet type immersion 
thermocouples. Because of the rapid reaction of uranium with oxides, 
the dynamic loop was kept under argon blanket gas which provided 
essentially an inert system during the experimental program. As 
already mentioned in Chapter IV, the range of the variables which were 
to be investigated stipulated the magnitude of the basic process , and the 
choice of mater ia ls of construction for the dynamic loop. The detailed 
design and fabrication of experimental equipment brought about by the 
range of these variables such as the extension of flow rates to a 
Reynolds number range of 4 x lO' and a temperature range of the system 
in the vicinity of 500-600°C is discussed in detail in the Appendix, 
Chapter XV. This discussion includes the specific design considerations 
including the choice of mater ia ls of construction and a detailed account 
of the techniques of fabrication of the experimental apparatus. 



VI. E X P E R I M E N T A L D E V E L O P M E N T WORK AND P R O C E D U R E S 

A. In t roduc t ion 

In o r d e r to s tudy the m a s s t r a n s f e r f rom u r a n i u m s p h e r e s in to 
m o l t e n c a d m i u m , s e v e r a l p r e l i m i n a r y s t a g e s of d e v e l o p m e n t had to be i n ­
v e s t i g a t e d . T h e s e spec i f ic a r e a s inc luded (1) the p r e p a r a t i o n and p r o ­
duc t ion of s ing le one -ha l f inch u r a n i u m s p h e r e s , (2) a s tudy of how to 
m i n i m i z e v i b r a t i o n s in the e x p e r i m e n t a l e q u i p m e n t , (3) the spec i f i c d e ­
t a i l s of rou t ine a n a l y s i s such a s weighing t e c h n i q u e s , m e t h o d s of r e m o v i n g 
a c a d m i u m fi lm f rom the u r a n i u m s p h e r e a f te r a m a s s t r a n s f e r run , t e c h ­
n iques of p r e - w e t t i n g the u r a n i u m s a m p l e s p r i o r to a m a s s t r a n s f e r run , 
and (4) d e t a i l s of l a b o r a t o r y a n a l y s i s of the u r a n i u m s p h e r e s b e f o r e and 
a f te r a m a s s t r a n s f e r r u n . This c h a p t e r sha l l d i s c u s s the spec i f i c t e c h ­
n iques c o n c e r n i n g th i s e x p e r i m e n t a l s tudy . 

B . P r o d u c t i o n of U r a n i u m S p h e r e s for M a s s T r a n s f e r Study 

F a b r i c a t i o n of the u r a n i u m s p h e r e s e m p l o y e d a t e chn ique s i m i l a r 
to that of l ens g r ind ing . A 5 / 8 - i n c h dianrieter u r a n i u m rod w a s p l aced in 
a d ividing head at a 15° angle f rom the h o r i z o n t a l and a tool b i t was 
moun ted in a b o r i n g head so that it swept a r a d i u s of about 5 / l 6 i n c h e s . 
This was r o t a t e d and then b r o u g h t down about 0.015 i n c h e s and he ld in 
th i s pos i t ion unt i l e ach cut a r o u n d the p e r i p h e r y was c o m p l e t e d . T h i s 
s t ep w a s cont inued unt i l the h ighe r end of the rod was m a c h i n e d to the 
c e n t e r . Then the bo r ing head was locked in i t s v e r t i c a l pos i t i on and the 
tool bit ad jus t ed in the head to b r i n g the d i a m e t e r of the s p h e r e to 
0.500 i n c h e s . 

This o p e r a t i o n g e n e r a t e d about 7 /8 ot a s p h e r e ; the r e m a i n d e r of 
the s p h e r e was g e n e r a t e d in the next o p e r a t i o n . The next o p e r a t i o n c o n ­
s i s t e d of p lac ing th i s p a r t i a l s p h e r e in p r o p e r pos i t ion on a l a the to 
m a c h i n e off the s t e m . The s p h e r e s w e r e then t apped and d r i l l e d for the 
s t a i n l e s s s t e e l 304 suppor t rod . Some difficulty was e n c o u n t e r e d wi th 
d r i l l i n g and t h r e a d i n g the s p h e r e s ince the suppor t r o d s w e r e l / l 6 inch 
in d i a m e t e r a t the point w h e r e they held the s p h e r e . The p h o t o g r a p h in 
F i g . 3 shows the p a r t i a l c o m p l e t i o n of the o p e r a t i o n d e s c r i b e d a b o v e . 
The f igure shows the s p h e r e at the c o m p l e t i o n of the in i t i a l o p e r a t i o n . 

C. P r o d u c t i o n of Randomly O r i e n t a t e d U r a n i u m S p h e r e s and Heat 
T r e a t m e n t 

1. In t roduc t ion 

A g r e a t dea l of c o n s i d e r a t i o n was g iven to the p r o d u c t i o n of 
u r a n i u m s p h e r e s for the d i s so lu t i on s tudy, p a r t i c u l a r l y to the so l id p h a s e 
c r y s t a l o r i e n t a t i o n . It i s wel l known that when s p h e r e s a r e u s e d a s t e s t 



s a m p l e s u n d e r f o r c e d convec t ion c o n d i t i o n s , the l iquid d i s s o l v i n g m e d i u m 
flows in a r a t h e r we l l e s t a b l i s h e d or t yp i ca l flow p a t t e r n p a s t the s p h e r e . 

In o r d e r to r e t a i n s o m e t h i n g c l o s e 
to s p h e r i c a l g e o m e t r y d u r i n g a r u n , 
it w a s d e s i r a b l e to t ake p r e c a u t i o n s 
to ob ta in s y m m e t r i c a l flow s e p a r a ­
t ion p a s t the t e s t s p h e r e . O t h e r ­
w i s e , should the t e s t s p h e r e b e g i n 
to d i s s o l v e a t s o m e zone of i t s s u r ­
face a t a f a s t e r r e l a t i v e r a t e than 
the r e s t of the s u r f a c e , or in s o m e 
p r e f e r r e d d i r e c t i o n , the flow s e p a ­
r a t i o n would b e c o m e d i s t o r t e d f r o m 
the typ ica l ly e x p e c t e d p a t t e r n . Th i s 
s i tua t ion migh t d e v e l o p if the s p h e r e s 
w e r e m a c h i n e d f r o m u r a n i u m s t o c k 
m a t e r i a l which w a s r o l l e d , or e x ­
t r u d e d , wi th an i n h e r e n t l y p r e f e r r e d 
c r y s t a l o r i e n t a t i o n . Secondly , it 
w a s n e c e s s a r y to e s t a b l i s h a m e t h o d 
of t r e a t i n g the u r a n i u m so tha t the 
m e t a l l u r g i c a l h i s t o r y of ind iv idua l 
s a m p l e s was c o n s i s t e n t . Th i s p r o ­
vided a p a r t i a l foundat ion which w a s 
n e c e s s a r y to e s t a b l i s h c o n s i s t e n t 
m a s s t r a n s f e r d a t a . 

Fig. 3. Photograph of Partially 
Completed Uranium 
Sphere for Mass 
Transfer Study 

2. Heat T r e a t i n g S tud ies 

T h e r e i s e v i d e n c e tha t 
•when u r a n i u m is coo led f r o m t e m ­
p e r a t u r e s c o r r e s p o n d i n g to e i t h e r 

the b e t a - p h a s e o r g a m m a p h a s e tha t s u b g r a i n i n g o c c u r s and i s a c c o m p a n i e d 
by c r y s t a l o r i e n t a t i o n . This m a y be a t t r i b u t e d to the w o r k of Ch i swik and 
Lloyd.*^ T h e s e a u t h o r s r e p o r t tha t u r a n i u m s p e c i m e n s tha t have b e e n a n ­
n e a l e d at 740°C and t h e r e a f t e r r a p i d l y quenched showed ev idence of s u b -
g r a i n i n g and a m o r e r e g u l a r o r i e n t a t i o n r e l a t i v e to g r a i n s which w e r e 
s e p a r a t e d by high angle b o u n d a r i e s . 

Method E m p l o y e d in Hea t T r e a t m e n t of U r a n i u m S p h e r e s 

A m e t h o d w a s w o r k e d out to hea t t r e a t the u r a n i u m s p h e r e 
which inc luded e n c a p s u l a t i o n of the s p h e r e in a vap o r t ube , u n d e r v a c u u m , 
hea t ing the s a m p l e for 24 h o u r s in the be t a r a n g e , and f inal ly quench ing the 
s a m p l e a f te r i t s r e m o v a l f r o m the annea l ing f u r n a c e . 
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(l) Encapsulation of Uranium Spheres 

A method was developed to encapsulate the sphere for 
subsequent heat treatment. The uranium sphere was first electro-polished 
for about 45 seconds. After removal from the electro-polishing solution, 
it was stored under acetone until ready to be encapsulated. The e lec t ro-
polishing solution consisted of 45% H2SO4 

45% H2O 
10% Glycol. 

A 3/4 inch Vycor tube was selected and closed on one 
end by a high temperature flame. The electropolished sphere ( l /2 inch 
diameter) including its stainless steel 304 support rod was placed in the 
Vycor tube and the sphere in this position was adjacent to the closed end. 
About 8-10 inches from the closed end of the Vycor tube, a necked down 
section was made by application of a flame, until the diameter of the 
restr ic ted section was about l /4 inch. Figure 4 shows the encapsulated 
sphere prior to heat treatment. The open end was attached to a non-
coUapsible rubber hose by inserting the Vycor rod to a depth of about 
2 inches; high vacuum sealing compound was applied to the Vycor tube 
prior to attachment to the rubber hose. The noncoUapsible rubber hose 
was attached to a diffusion pump capable of creating 3 x 10"^ mm pressu re . 
Liquid nitrogen freeze valves were employed in the vacuum pump. After 
about 45 minutes of pumping, the high vacuum gages were checked to see 
if they were stable. Then by applying a flame to the restr ic ted section 
of the Vycor tube the encapsulation of the sample by the molten-tube was 
completed by the unbalance of pressure forces acting on the molten Vycor 
at the necked down section. 

^ 

OPEN END 
^ 3 0 4 S S SUPPORT ROD CONNECTS TO 

CLOSED END / HIGH VACUUM PUMP7 

"111111 

-URANIUM SPHERE /vYCOR ^NECKED DOWN SECTION 

Fig. 4. Encapsulation of Uranium Sphere Pr ior to Heat Treatment 

(2) Annealing Procedure 

The Vycor tube was attached to a tantalum wire and 
lowered into a SS 304 tube which was isolated in a molten lead bath con­
tained in a high temperature furnace. The capsule was immersed in a 
lead bath, by placing it in a tube. This tube was centered in the lead bath. 
The temperature at the sample was checked by employing a portable po­
tentiometer with a reference cold junction at 20°C. The temperature at 
the sample position in the furnace was held at 700° ± 1°C for a period of 
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24 hours , which was well into the beta range of uranium. The thermo­
couple was located in the same tube with the sample. 

(3) Quenching Uranium Sphere 

The uranium sphere was removed from the molten 
lead bath while still encapsulated and was immersed into water at 20°C. 
The Vycor protection tube was broken with pl iers almost simultaneously 
after the sample was immersed . Cooling occurred within 25 seconds 
after immers ion . It was subsequently found that the uranium stock could 
be heat t reated prior to the machining operation. This also allowed 
greater ease in machining the spheres . 

b . Control Test for Crystal Orientation (X-Ray Diffraction) 

A run was made in the heat treating study to determine 
the effects of the annealing and quenching procedure for uranium spheres . 
A 1/2 inch uranium cube was machined from uranium stock and marked 
on one face with an "E." The stock uranium mater ia l consisted of ex­
truded uranium rods whose crystall ine orientation was in a prefer red 
direction. The symbol "E" was placed on the plane of the cube which 
was perpendicular to the direction of extrusion of stock mater ia l . 

The testing procedure for the annealing and quenching 
operation consisted of obtaining X-ray diffraction patterns before the 
heat t reatment and subsequent to the t reatment . X-ray diffraction pat­
terns were obtained of the face opposite the side E and of the face ad­
jacent to the side E so that representat ive of each could be analyzed. 
These separate diffraction patterns represented crystall ine orientations 
in the direction of extrusion of the original stock mater ia l . After heat 
t reatment , the same two surfaces were examined for representat ive 
X-ray pat terns . 

Visual comparison of the X-ray diffraction pat terns 
obtained from identical surfaces before and after heat t reatment showed 
that the beta heat t reatment introduced considerable random crystal 
orientation in the test cube. This was further tested by a calculation of 
the volume fraction P(a, /3) of nnaterial with various orientations com­
pared to a mate r ia l with a high degree of random orientations. Mueller*' 
and others utilized this factor in their study of the prefer red orientation 
in rolled uranium rods . Table II shows the P(a, |B) values calculated by 
this method for the t r ansver se and paral lel planes before and after heat 
t reatment . 
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TABLE II. Summary ol Dillractior Data for Uranium Control Test tor Randomization Techniques 

Hkl Plane 

020 

no 
021 
002 
111 
022 
112 
130 
131 
040 
023 
200 
041 
113 
132 
042 
221 
133 
114 
043 
ISO 
240 
223 
241 
152 
060 
061 
242 
115 
062 
312 
243 
135 
006 
261 
244 

A 

40 
780 
820 
170 
630 
25 

270 
50 

690 
90 
50 
80 

100 
35 
65 

115 
340 
70 
0 

50 
90 
70 
60 

100 
175 
30 
50 

120 
40 
50 
40 
35 

135 
0 

170 
0 

B 

50 
720 
835 
465 
750 
45 

520 
20 

420 
30 

110 
50 
30 

135 
50 
90 

390 
180 
90 
30 
50 
45 

125 
70 

125 
0 

25 
125 
55 
25 
75 
60 

145 
0 

80 
130 

I 

C 

0 
700 
500 
650 
770 
45 

700 
35 

460 
40 

150 
60 
0 

170 
60 
70 

360 
220 
140 

0 
35 
25 

140 
50 
90 
30 
0 

135 
50 
0 

40 
35 

125 
0 

50 
125 

0 

0 
670 

1040 
510 
765 
4S 

490 
35 

505 
35 

150 
70 
60 
95 
60 

110 
380 
150 
100 

0 
50 
30 

100 
55 

130 
0 
0 

110 
65 
50 
70 
45 

150 
35 
55 
85 

1° 

42 
380 
770 
254 
300 
24 

303 
20 

234 
37 
94 
44 
20 
65 
18 
50 

100 
88 
51 
12 
37 
30 
68 
20 
71 
10 
20 
83 
24 
22 
36 
26 
84 
25 
36 
61 

A 

0.95 
2 05 
106 
0.67 
2.10 
1,04 
0 89 
2,50 
2.95 
2.43 
0.53 
1.82 
5.00 
0.54 
3.61 
2.30 
3.40 
O80 
000 
4,17 
243 
2,33 
0.88 
500 
2.46 
3.00 
2,50 
1,45 
167 
2.27 
1.11 
1.35 
1,61 
0,00 
4,72 
0,00 

1,99* 

B 

1 19 
1,89 
108 
1.83 
2,50 
1.88 
1.72 
1,03 
1,79 
0.81 
1.17 
1.14 
1.50 
2.08 
2.78 
1.00 
3 90 
2,05 
176 
2.50 
1.35 
1,50 
1,84 
3.54 
1,76 
000 
1.25 
1 51 
2,29 
1.14 
208 
2.31 
1.73 
0.00 
2.22 
2.13 

1.75' 

I/I" 

C 

ooo 
1.84 
065 
2.56 
2.57 
1.88 
2 31 
175 
197 
1.08 
160 
1,36 
0.00 
2.62 
3.33 
1,40 
3.60 
250 
2,75 
000 
095 
083 
2.06 
250 
1.27 
3.00 
000 
163 
2.08 
0.00 
1.11 
1,35 
1,49 
OOO 
1.39 
2.05 

1,60' 

D 

OOO 
1,76 
1 35 
201 
2.55 
1.88 
1.62 
175 
2 16 
0 95 
1.60 
1.59 
3,00 
1,46 
3.33 
2.20 
3.90 
1,70 
196 
OOO 
1 35 
1.00 
1.47 
2.75 
1-83 
0.00 
OOO 
1.33 
2.71 
227 
1 94 
173 
1 79 
1.40 
1.53 
1 39 

1.70' 

A 

0 48 
103 
053 
034 
1.06 
0.52 
0.45 
1.26 
1.48 
1.22 
0 27 
091 
2.51 
0.27 
1.81 
1.16 
1.71 
O40 
0.00 
210 
1.22 
1.17 
044 
2.51 
1.24 
151 
1.26 
073 
084 
1 14 
0 56 
068 
0,81 
0,00 
2.37 
OOO 

Pla 

B 

0.68 
108 
0.62 
105 
1,43 
107 
098 
0.59 
1.02 
0.46 
0.67 
0.65 
0.86 
1,19 
1.59 
0.57 
2 23 
1.17 
1.01 
1,43 
077 
086 
1.05 
2.02 
1.01 
0.00 
0.71 
086 
1.31 
0.65 
1 19 
1.32 
0.99 
0.00 
1.27 
122 

,a 
C 

OOO 
1 15 
041 
1.60 
1.61 
1 18 
1.44 
1.09 
123 
0.68 
1.00 
0.85 
0.00 
1.64 
2.08 
0.88 
2.25 
1.56 
1.72 
0.00 
0.59 
052 
1.29 
156 
079 
188 
OOO 
102 
1,30 
000 
069 
084 
093 
000 
0.87 
1,28 

D 

0.00 
1.04 
0.79 
1.18 
ISO 
M l 
0.95 
1.03 
1.27 
0.56 
0.*1 
0.94 
1.76 
0.86 
1.96 
1.29 
2.24 
1.00 
1 15 
0.00 
0,79 
059 
0.86 
162 
1.08 
0,00 
OOO 
0.78 
1.59 
1.34 
1.14 
1.02 
1,05 
0,82 
O90 
0.82 

Uiii/Pi. 

c. Equations Used to Calculate P(a, j3) of Beta Heat Treatment 

The measured intensity from a certain crystal plane lying 
parallel to the cross section of a rod specimen with unknown fiber texture*' 
and the corresponding intensity If,î ^ from a random specimen are related 
by the P(a, p) of the unknown texture by the equation 

Ihkl 
I^kl 

P(a,p) 
(6.1) 

Therefore an index of 1.0 for the value of P(a, /3) becomes the ideal limit 
for the unknown texture to give the random texture. The values C and Co 
depend upon extinction phenomena and the values a and j3 define the crystal 
orientation as obtained from the hkl reflecting plane. The assumption is 
made that C/CQ is independent of hkl and P is normalized over the entire 
orientation range according to 
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1 

4-7: 
/ / P ( a , p) dad(3 = 1 (6.2) 

If d i s c r e t e o r i e n t a t i o n s a r e c h o s e n , the r a t i o C / C Q is ob ta ined by 

- i ^ = J- y hkl 

C o - n ^ I ^ k l 
(6.3) 

w h e r e n i s the n u m b e r of r e f l e c t i o n s (hkl) u s e d in the s u m m a t i o n . F u r t h e r ­

m o r e the va lue of P (a , p) i s g iven by 

P (a , 

^hkl 

'hkl 

I V Ihkl 

N Z ihkl 

Iv,i,i 

(6.4) 

•hkl 

It i s o b s e r v e d f r o m t h e c a l c u l a t i o n r e s u l t s s h o w n o n T a b l e II 
( c o l u m n s A , B , C , a n d D ) , t h a t a f t e r t h e h e a t t r e a t m e n t , t h e r e i s a t e n d e n c y 
f o r t h e P ( a , /3) v a l u e s t o a p p r o a c h t h e i d e a l l i m i t of 1 .0. F o r e x a m p l e , t h e 
f o l l o w i n g s u m m a r y i n T a b l e I I I of s o m e s p e c i f i c p l a n e s i l l u s t r a t e s t h a t a 
m o r e r a n d o m l i k e c r y s t a l l i n e s t r u c t u r e w a s o b t a i n e d a f t e r t h e h e a t t r e a t ­
m e n t of t h e u r a n i u m . M o s t of t h e m a s s t r a n s f e r r u n s i n t h i s s t u d y w i l l 
b e m a d e u s i n g r a n d o m l y o r i e n t a t e d u r a n i u m s p h e r e s . S o m e r u n s w i l l b e 
m a d e u s i n g n o n r a n d o m i z e d s p h e r e s t o s e e if t h e r e i s a s i g n i f i c a n t d i f ­
f e r e n c e i n t h e o v e r a l l d i s s o l u t i o n r a t e s . H o w e v e r , t h e m a i n o b j e c t i v e s of 
t h i s s t u d y w e r e t o o b t a i n g o o d , r e p r o d u c i b l e m a s s t r a n s f e r d a t a f o r t h e 
m a s s t r a n s f e r c o r r e l a t i o n s . 

T A B L E I I I . S e l e c t e d V a l u e s f r o m T a b l e II f o r D i s c u s s i o n of 

R a n d o m i z a t i o n T e c h n i q u e s 

P l a n e A 

B e f o r e A f t e r 

D 

021 

022 

312 

261 

312 

0.53 

0.52 

0.56 

2.37 

0.56 

0.41 

1.07 

1.14 

1.27 

1.19 

0.62 

1.18 

0.69 

0.87 

0.69 

0.79 

1.11 

1.14 

0.90 

1.14 



D. Laboratory Study of the Wetting of Uranium with Molten Cadmium 

1. Introduction 

The establishment of a true interface between the solid phase 
and the liquid phase at the beginning of a mass transfer run is perhaps 
the most important single factor in obtaining good mass transfer data. 
Obviously, some wetting occurs in most instances, but the surface area 
at the solid boundary must be reasonably representative of the ideal sur ­
face a rea . This is especially true in the analysis of mass flux ac ross 
phase boundaries which is proportional to the surface area involved. 
Generally, some oxide or protective film on the solid surface prohibits 
the complete wetting by liquid metals . Since partial wetting of the su r ­
face occurs if a film exists, mass transfer data based upon the amount 
of mass t ransferred from the solid phase were not reproducible. 

The wetting of metals by liquid metals is accomplished by 
effectively removing the oxide film to insure a clean interface. Two 
methods were developed for removing the oxide film prior to wetting. 
One method consisted of employing some chemical agent which attacked 
the oxide, dissolving it away. This left a clean solid uranium surface. 
The other method was a physical one and involved mechanical action on 
the solid surface. This action caused the oxide film to crack yielding 
to wetting. Both methods have been employed in this study and shall be 
discussed. 

2. Chemical Wetting 

In this method, the oxide film on the uranium surface was 
first removed by leaving the uranium sphere in a beaker of cold con­
centrated HNO3 until a clean uranium surface was observed. The u ra ­
nium was then washed with cold HNO3 and acetone. Benzing*' found that 
by introducing samples treated in this manner into a zinc melt at 550°C 
protected by Dow 230 flux (Dow 230 flux consists of 55% KCl, 34% MgCl^, 
9% BaCl2, and 2% CaF^) that wetting of uranium with zinc occurred in 
less than one minute. It is suspected that a reduction of the uranium 
oxide on the surface proceeded according to a reaction which formed a 
uranium zinc intermetal l ic . It is believed that the oxides a re collected 
in the flux. The uranium samples were protected at the interface from 
further oxide formation and could be stored until needed for the mass 
transfer experiments. 

It was found, however, that uranium spheres could be wet 
better by a slight variation of the above procedure. The oxide was r e ­
moved in this case by first electropolishing the spheres in Baumrucker ' s 
solution. Baumrucker 's solution consists of 5 Par t s C2H5OH, 

5 Par ts Ethylene Glycol, and 
8 Par t s H3PO4. 
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It was found that electropolishing of the uranium spheres could be ac ­
complished in about 30 seconds, yielding a shiny bright uranium surface. 
After electropolishing, the surface-cleaned uranium spheres were stored 
under acetone until they were to be wetted by zinc. These uranium spheres 
were wet with zinc at 550°C protected by the 230 flux. Wetting was ac ­
complished in less than 20 seconds. After removal from the zinc, the 
spheres were cooled by water, and the surfaces inspected to see if com­
plete wetting had been accomplished. A picture showing a sphere before 
and after zinc wetting is shown in Fig. 5. In those cases where the surface 

was not completely wet with zinc, 
the surface was cleaned again in the 
manner described above. A modifi­
cation of Benzing's procedure was 
then repeated. A photomicrograph 
of the uranium-cadmium interface 
is shown in Fig. 6. 

3. Physical Wetting 

Other methods were 
investigated which might lead to 
different wetting techniques. It has 
been known that the ultrasonic sol­
dering iron could generate a wetted 
surface in liquid metals by causing 
cavitation action on the solid surface 
by the adjacent liquid metal . This 
breaks up the oxide film to permit 
wetting of the solid by the liquid. 

An ultrasonic generator 
(Fig. 60, Chapter XV, Appendix) 
capable of generating ultrasonic 
energy at a frequency of 20 kc was 
located in the Reactor Engineering 
Division of Argonne National Labora­
tory. It was made available for pos­
sible applications to study wetting. 
This generator was found capable of 
energizing transducer components 

which contained either barium titanate or magnetostriction types connected 
in paral lel . The output impedance could be adjusted for a part icular load 
which would not exceed a total resis tance sufficient to 2 kw. It was found 
that a load not to exceed about 25 ohms total resis tance at 20 kc would 
provide sufficient energy to conduct the experiment. It was found that the 
wetting of uranium by molten cadmium using the ultrasonic technique could 
be accomplished in one minute. The wetting was complete and uniform at 
the solid-liquid interface between uranium and cadmium. The comparison 

Uranium Sphere Pr ior to 
Wetting (Left) Compared 
to Uranium Sphere after 
Wetting with Zinc (Right) 
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between the results obtained using chemically wetted uranium spheres and 
ultrasonically wetted spheres in the mass transfer study is discussed in 
Chapter X. However, the chemical method was the major process used to 
wet most of the spheres for the mass transfer study. The details of the 
ultrasonic apparatus and the appropriate discussions are given in 
Chapter XV in the Appendix. 

108-6371 

Fig. 6. Photomicrograph of Uranium-Zinc Interface 
Using Molten Zinc and Dow-230 Molten Salt 
Flux for Wetting 
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VII, DISCUSSION OF PHYSICAL PROPERTIES 
FOR SCHMIDT NUMBER, N^ 

Sc 

A. Introduction 

The correlat ion of mass t ransfer data using semi-empir ica l equa­
tions involves the use of the Schmidt number, Ng^,. The Schmidt number 
is formed by dividing the liquid film viscosity by the product of the solu­
tion density and the experimental molecular diffusivity. Physically, the 
Schmidt number represents the ratio of momentum transfer as affected 
by a velocity gradient to the actual mass t ransfer red by molecular dif­
fusion through the influence of a concentration gradient. Mention has been 
made elsewhere that this ratio may be changed by varying these physical 
proper t ies through a change of temperature . It is again recalled that in 
the uranium-cadmium system, this ratio may be changed by varying the 
temperature while the driving force for mass transfer remains essentially 
constant. The Schmidt number for the molten cadmium will be formed by 
using experimental values of the molecular diffusivity, D^. Experimental 
values of the density and viscosity are available and will be used in the 
calculation. 

B. Solution Density for Ng .̂ 

The density of a solution of uranium in molten cadmium as a func­
tion of temperature was not available. However, at the concentration used, 
less than 2% e r r o r was involved in using the density of the molten cadmium 
itself. This evaluation is described in the section concerning the e r r o r 
analysis of the overall mass t ransfer correlat ions. The density data was 
taken from Liquid Metals Handbook and is also plotted in Fig. 7. 
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Fig. 7 

Physical Proper t ies of 
Molten Cadmium Versus 
Temperature 



C. Viscosity of Molten Cadmium for Ng ,̂ 

Source of Experimental Data and Preparat ion for Ng^ 

The viscosity data reported below were taken from Liquid Metals 
Handbook.*^ As explained in the introductory paragraph, the viscosity 
appears in the numerator of the Schmidt number. Ordinarily, the v is ­
cosity is evaluated at the liquid film temperature which is defined as the 
arithmetic average of the temperature of the bulk liquid and the tempera­
ture at the surface of the solid. However, the assumption was made in 
this study that for liquid metals using the viscosity at the bulk temperature 
was reasonably close to the average value. The variation of viscosity 
with temperature is plotted in Fig. 7. The plot of the Schmidt numbers 
appears in the following Fig. 8. Table V shows the range of Schmidt num­
bers used for other mass transfer studies. 

TABLE IV. Density and Viscosi ty 
for Molten Cadmiunn 

xro 
3 3 0 

3 5 0 

4 0 0 

5 0 0 

600 

Density 
(gm/cm ' ) 

8.01 

7.99 

7.93 

7.82 

7.72 

V iscosi ty 
Po ise X 10^ 

2.37 

2.16 

1.84 

1.54 

i 400 

Fig. 8. Schmidt Number for Liquid Cadmium 
Versus Temperature 

TABLE V, Summary of Schmidt Number s Used for Mass T rans f e r Studies 

Nsc (Range) Sour Nsc (Range) 

F roes s l i ng (G),'° 0.6-2.7 
Houghton and Radford ( G ) , " 0.6 
Hsu, Sato and Sage ( G ) , " 2.11 
Maisel and Sherwood (G) , " 0,6-1,76 
Powell (G) , " 0,6 

Ranz and Marsha l l ( G ) . " 0.6 
Ga rne r and Grafton ( L ) " 1100-1680 
Ga rne r and Suckling ( L ) , " 1 135- 1320 
Gates and Shanks ( L ) . " 2800-3200 
T r a y l o r (Liquid Metals) 90-150 

(G) Gases . 
(L) Liquids. 
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D. Determination of Diffusivity for Uranium-Cadmium 

1. Introduction 

Molecular diffusivities for metal solutes diffusing into liquid 
metal solvents were noticeably absent from the l i te ra ture . Dunn and 
Bonilla in their study of liquid metals stated that the molecular dif­
fusivities in liquid metal systems were generally about 2 or 3 t imes those 
values predicted by the Stokes-Einstein expression. Parkman^' in his 
study of mass t ransfer in lithium estimated the molecular diffusivity 
from the Wilke expression used to estimate diffusivities for aqueous 
and organic liquids. It is apparent that experimental diffusivities should 
enable one to determine with greater accuracy the empirical expressions 
and dimensionless groups which depend upon this physical property. The 
molecular diffusivity for uranium diffusing into cadmium was experimen­
tally determined in a separate program in the Chemical Engineering 
Division at Argonne by J. C. Hesson. ' 

2. Procedure for Determination of D.̂  

a. Experimental Technique 

The experimental method used in obtaining diffusion coeffi­
cients for uranium in cadmium employed the capillary rese rvo i r technique. 
In this method a capillary was closed at one end and filled with a known 
concentration of the substance which could diffuse out the open end of the 
capillary when placed into a suitable liquid metal solution. Usually the liq­
uid metal solution into which the capillary was immersed contained essen­
tially zero concentration of the diffusate. P r io r to the diffusion experiment, 
the capillary was filled with cadmium containing about 1.0% of known 
uranium content. At the time of experimentation this capillary was im­
mersed into liquid cadmium and the uranium was allowed to diffuse out the 
open end of the capillary for a certain finite t ime. The diffusion coefficient 
for uranium diffusing into cadmium was calculated from initial and final 
average concentration in the capillary, and the length of the capillary as 
well as time of diffusion. A sketch of the experimental apparatus is shown 
in Fig. 9. Note that in the sketch, the furnace is shown at the right and the 
high tempera ture vessel is placed below the lower edge of the furnace. The 
crucible is then spaced in the vessel by means of a spacer such that the 
tempera ture profile at the capillary is 1-2° higher at the top of the capil­
lary than at the bottom. 
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VACUUM ARSON 

CAPILLARY HOLDER S 
STIRRING ROO 

COOUNG COILS 

FURNACE 

TC CONTROLLER 

COVER FOR CRUCIBLE 

CAPILLARY HOLDER 

To WIRE HOLDER 

RECRYSTAUZED ALUMIA 

BEAKER 304 SST 

F i g . 9. A p p a r a t u s for D^ D e t e r m i n a t i o n for U r a n i u m Diffusing 
in Molten C a d m i u m 

b . Equa t ions Used to Ca l cu l a t e D^ 

Diffusion under the condi t ions d e s c r i b e d above fol lows 
p i c k ' s second law of diffusion. Th i s law s t a t e s tha t : 

^(t) -D.., div g r a d C (7.1) 

for a r b i t r a r y d i r e c t i o n . Neglec t ing r a d i a l diffusion in the c a p i l l a r y and 
c o n s i d e r i n g diffusion in the longi tudinal d i r e c t i o n of the c a p i l l a r y a l lowed 
the above equat ion to be w r i t t e n a s 

ac 
dt 

= D a'c/Sx^ 

with the following boundary condi t ions 

0, t a 0 l^(x^O) 
ox 

Ci = 0, 

C(x) = Co, 

0 

X a 1, 

(7 .2) 

(7 .3) 

( 7 . 4 ) 

( 7 . 5 ) 
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C(x, t) = 0. elsewhere (7.6) 

The solution to Fick ' s second law with the given initial and boundary con­
ditions is given by Churchill ' and after integration becomes, 

i=^i(^)'"P-(^)'(Tr".. (7.7) 

V 8 Co/ 

where C and Co are the initial and final amounts of U in the capillary 
after and before diffusion, respectively. It is also shown that if the t e rm 

is less than about 0.7 the ser ies in the above equation can be cut 

off after n = 1 with the introduction of very little e r ro r . Alternate ex­
pressions which will approximate the solution of F ick ' s second law may be 
collected. Figure 10 shows the semi-infinite solution as equation 7.9 com­
pared to the equation of Grace and Derge'* which appears as equation 7.8 
to follow. 

Co - C e 

Co - Cc fT-fJ" (7.8) 

^ 

1.2 

I.I 

ID 

0.9 

0 8 

Q7 

06 

05 

0.4 

Q3 -

Q2 

0.1 

0 0 

A Using Equation 7^3 

a Using Grace ^Derge Eg ^-^ 

025 0.50 0.75 1.0 

<fr- c.-c 
Co-Cj 

Fig. 10. Plot of D^t/l^ Versus 



5 4 

w h e r e Co r e p r e s e n t s the in i t i a l c o n c e n t r a t i o n in the c a p i l l a r y , Ca r e p r e ­
s e n t s the a v e r a g e c o n c e n t r a t i o n and Cg r e p r e s e n t s the c o n c e n t r a t i o n in 
the ba th w h e r e the c a p i l l a r y is i m m e r s e d . 

The s e m i - i n f i n i t e so lu t ion to F i c k ' s s econd law with the 
c o n c e n t r a t i o n in the bath not equa l to z e r o may be w r i t t e n a s 

Ca " CQ ' - - ^ It e x p -
2 n - l V M ^ , , (7.9) 

w h e r e C and CQ a r e the in i t i a l and final a m o u n t s of u r a n i u m in the c a p i l ­
l a r y a f te r and be fo re diffusion, r e spec t i ve ly , and Ca i s equa l to the ba th 
c o n c e n t r a t i o n . T h i s equat ion may be w r i t t e n as 

Co 
= 1 

D„tTr2 

1̂  1 
+ 9 ^ 

DvVH 

4 1̂  1 412 
(7.10) 

3. Samp le Ca l cu l a t i on of E x p e r i m e n t a l Da ta 

a. Samp le Ca l cu l a t i on of Run D- 17- 1 

Tab le VI shows the diffusivity da ta of J . C. H e s s o n p r e ­
sen ted with the run n u m b e r p re f ixed by a D. T h e s e r u n s w e r e c h e c k e d 
independen t ly by T r a y l o r and the r u n s p r e s e n t e d in the r e m a i n d e r of the 
c o l u m n . 

Sample ca l cu l a t i on of run D - 1 7 - 1 : 

Using G r a c e and D e r g e equa t ion , 

C Q - C - >'̂ ^ 4m (7.11) 

w h e r e 

Co = in i t i a l c o n c e n t r a t i o n in c a p i l l a r y 

C = c o n c e n t r a t i o n in c a p i l l a r y 

Cg - c o n c e n t r a t i o n in bath 

1 = length of c a p i l l a r y 
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F o r D - 1 7 - 1 : Co = 1.455 

Cg = 0.00 

Ca = 0.706 

1 = 2.55 c m 

Ca 1.445 - 0.706 0.739 „ r , ,H 
0.5114 Co - Cg 1.445 - 0.0 1.445 

( C o - C a ) ^ 

Co - C j 
0.26152 

(0.26152)(3.14)(2.55)^ ^ . -hQ-^l cm^ , . 

(86,400) X 4 s ec ^ 

TABLE VI. Sunnmary of Exper imental Diffusivity Data 
for Uranium-Cadmium System 

Run 

D-25-1 

D-24-2 

D-24-1 

D-23-2 

D-23-1 

D-22 

D-17-2 

D-17-1 

Temp, 
°C 

4 5 0 

4 5 0 

575 

575 

650 

6 5 0 

500 

500 

L, cm 
OD, in. 

2.41 
3/16 

2.47 
3/16 

2.47 
3/16 

2.44 
5/32 

2.45 
5/32 

2.44 
5/32 

2.56 

2.55 

Time, 
sec 

86,400 

87,000 

86,400 

86,400 

86,400 

86,400 

86,400 

86,400 

Co 

1.358 

1.37 

1.42 

1.365 

1.365 

1.37 

1.455 

1.445 

U ranium 

C s 

0.00 

0.00 

0.00 

0.00 

0.00 

0.023 

0.00 

0.00 

Percen t 

C 

0.685 

0.685 

0.603 

0.503 

0.472 

0.483 

0.743 

0.706 

c, 

1.10 

1.13 

0.96 

0.86 

0.79 

0.79 

1.12 

Computed 
Values 

v' 
0.193 
0.180 

0.195 
0.175 

0.260 
0.255 

0.315 
0.285 

0.345 
0.320 

0.335 

0.190 
0.205 

0.205 

D X 10' 

1.30 
1.21 

1.37 
1.23 

1.84 
1.80 

2.18 
1.97 

2.44 
2.23 

2.32 
2.21 

1.44 
1.56 

1.56 

TC-1 

TC-2 

TC-3 

5 0 0 

5 7 5 

6 5 0 

2.56 
3/16 

2.57 
3/16 

2.56 
3/16 

1.09 0.210 1.57 

86,400 1.502 0.018 0.710 0.22 1.66 

86,000 1.986 0.00 0.833 0.256 1.958 

86,400 1.986 0.00 0.754 0.315 2.398 

Runs D-17 to D - 2 5 ' 
Run TC 1-3 (Traylor) 
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T h e a b o v e e q u a t i o n w a s u s e d t o c a l c u l a t e D ^ u s i n g i n d e ­

p e n d e n t d a t a w h i c h w e r e o b t a i n e d by T r a y l o r in R u n T C - 1 w i t h t h e a v e r a g e 

c o n c e n t r a t i o n , C ^ , r e p l a c e d by t h e w e i g h t e d a v e r a g e 

^Wa 
0 . 0 2 0 2 X 10^ 

2 . 8 5 8 2 
0 . 7 1 0 % 

F r o m R u n T C - 1 : 

Wt of C a p i l l a r y S e c t i o n 

U + C d 

U A l o n e 

% U 

N o . 1 

C a p i l l a r y S e c t i o n 

N o . 2 N o . 3 N o , 4 

0 . 6 3 2 8 0 . 6 0 6 7 0 . 9 3 3 7 0 . 6 8 5 2 . 8 5 8 

0 . 0 0 2 0 0 . 0 0 4 1 0 . 0 0 7 8 0 . 0 0 6 3 0 . 0 2 0 2 

0 . 3 2 0 0 . 6 7 5 0 . 8 3 5 0 . 9 2 0 0 . 7 1 0 

Co = 1.502% 

C-^Va = 0 .7 10% 

C g = 0 . 0 1 8 % 

1 = 2 . 5 6 c m 

Co - CWs 

Co 
1.502 

' W a 

D 
[ I .010x2 .54)2 (0.22) 

86,400 1.66 (10- ' ) 

b. Sample Ca lcu la t ion of T C - 1 Using Equa t ion 7.13 

A sample ca lcu la t ion will be shown us ing the following equa­
t ion to ca l cu l a t e D^ us ing finite length of diffusion 

C Q - C C 
= 1 8 "f°° 1 ^ /nTT' 

- - z Z ^ « - [—^ 
4 12 

F i g u r e 11 shows a plot o f t h e above equat ion a s 0 ; and 0 , v e r s u s 
D„ X 10^ w h e r e 

(7.13) 

Co 
and 0, = 1 - A y 1 "(f) 

-"v" 7T t 

( 2 1^) 
7.14) 

Knowing the in i t ia l c o n c e n t r a t i o n Co, the a v e r a g e c o n c e n t r a t i o n C. and the 
bath concen t r a t i on C , , D^ x 10^ may be r e a d f r o m the g r a p h which follows 
a s F ig . 11. 
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0.8 •-

0 7 

*,CD) 

*,(D) 

0.6 

05 

Co-Cs 

-J 1 I u _1 I L 
2 0 

D,xlo' 

Fig. 11. Plot of Semi-infinite Solution to Fick 's Second Law 
Versus D^ x 10^ 

The detailed calculation follows. For TC-1 

Co = 1.502% t = 86,400 sec 

^Wa 0.710% 

0.018% 

1 = 2.56 cm 

Co - Cwa 1.502 - 0.710 0.792 
' Co - Cg 1.502 - 0.018 1.484 

Dy X 10^ = 1.729 Dy = 1.729 (10"^) cmYsec 

0.5336 

An alternate calculation may be obtained using this equa-
Dvt Co - Cwa 

tion and Fig. 10. In Fig. 10 the term—;— is plotted versus 
Co - C 

C Q - C C 

C Q - C g 

and reading a ca r r e ­
ls 

The procedure consists of obtaining the ratio 

sponding value of —^ from Fig. 10. The molecular diffusivity D.̂  x 10^ is 

obtained by calculation using the length of capillary and time of diffusion. 
Co - C 

From TC-1 , = 0.5336 
Co - Co 

Dt 
0 .22 ; °v = 5 ^ 1 ! ^ = . . « - . « -
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T h i s va lue of D^ is l e s s than tha t ob ta ined by us ing equa t ion 7.14 s ince the 
t e r m s in the s e r i e s w e r e cut off a f ter n = i. The va lue ob ta ined by e q u a ­
t ion 7.14 should be h i g h e r . 

E . T h e o r y of Diffusion in L i q u i d s 

A c c u r a t e e x p r e s s i o n s for the t h e o r y of diffusion in l iqu ids have not 
yet been f o r m u l a t e d . E x p r e s s i o n s have been p o s t u l a t e d b a s e d upon h y d r o -
d y n a m i c a l t h e o r i e s and the t h e o r y of a b s o l u t e r e a c t i o n r a t e s , o r s o - c a l l e d 
a c t i v a t e d s t a t e t h e o r i e s . In g e n e r a l , t h e s e e x p r e s s i o n s a r e i n h e r e n t l y 
i n a c c u r a t e b e c a u s e they a r e b a s e d upon s o m e m o d e l o r m e c h a n i s m and 
v i s c o u s flow in the l iquid s t a t e and a p r e c i s e t h e o r y of the l iquid s t a t e h a s 
not yet been pub l i shed . 

1. H y d r o d y n a m i c a l T h e o r i e s 

A c l a s s i c a l e x p r e s s i o n in the t h e o r y of t r a n s p o r t p h e n o m e n a 
r e s u l t s f r o m the c o n s i d e r a t i o n of a B r o w n i a n mot ion of a p a r t i c l e of r a d i u s 
R in some solvent m e d i u m whose v i s c o s i t y i s j^ 

D = Kt/67rRM (7.15) 

Equa t ion 7.15 is c a l l e d the S t o k e s - E i n s t e i n e x p r e s s i o n , and k e q u a l s 
B o l t z m a n n cons t an t , w h e r e T equa l s the a b s o l u t e t e m p e r a t u r e . E q u a ­
t ion 7.15 r e l a t e s the self diffusion coeff ic ient D to the v i s c o s i t y , fi, c o ­
efficient of the l iquid. 

S u t h e r l a n d modif ied the S t o k e s - E i n s t e i n e x p r e s s i o n to the 
following f o r m for the diffusion coeff ic ient : 

kT 1 + 3 ) U / R 

6 R • 1 + 2 ; U / R 
(7.16) 

In equa t ion 7.16 the t e r m ji, r e p r e s e n t s the coeff ic ient of s l id ing f r i c t i on 
be tween the p a r t i c l e and the m e d i u m . F o r l a r g e p a r t i c l e s , the coeff ic ient 
ji i s t aken a s infinity and in t h i s c a s e equa t ion 7.16 r e d u c e s to e q u a ­
t ion 7.15 or the S t o k e s - E i n s t e i n e x p r e s s i o n . F o r the c a s e of self diffusion 
w h e r e the r a d i u s of the diffusing p a r t i c l e i s a p p r o x i m a t e l y the s a m e a s tha t 
of the m e d i u m of v i s c o s i t y ;U, equat ion 7.16 r e d u c e s to 

kT 

Appl i ca t ions of equa t ions 7.15 and 7.17 involve the a s s i g n m e n t 
of v a l u e s to R at a g iven t e m p e r a t u r e and v i s c o s i t y and then ca l cu l a t i ng 
the diffusivi ty D.̂ ,. If the a s s u m p t i o n can be m a d e tha t se l f -d i f fus ion e x i s t s 
( m o l e c u l e s a r e al l s i m i l a r ) and the m o l e c u l e s of r a d i u s R (or ionic r ad i i ) 
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are related to the molar volume of the liquid by the approximation of 
/j_vV^' 
1 2 jyj) for the ionic radius, R, then equation 7.17 becomes 

D . = ^ (7.18) 
27TJLi m 

Equation 7.18 has been shown to predict the diffusion coefficients in self 
diffusion for a range of liquids. The accuracy^^ claimed is within ±12%. 
Liquid metals are also included within this general category. 

2. Activated State Theories 

Eyring derived an expression between the diffusion coefficient 
and the viscosity coefficient on the basis of his reaction rate theory and 
his hole theory of the liquid state. 

djkT 

In equation 7,19 d3 represents the interatomic distance in the direction of 
diffusion and dj and d2 are the interatomic distances perpendicular to d^. 
In the case of spherical par t ic les in a medium with a high degree of local 
order , the approximation 

dl = d2 = d3 may be made. 

The mean jump distance dj of a particle into an adjacent hole does not 
necessar i ly equal the interatomic distance, but approximates this distance. 
Assuming that the four distances are equal, equation 7.19 reduces to 

d = kT/d/i (7.20) 

If it is further assumed that d is about equal to the molecular volume 
for N molecules, i .e. d = ( V / N ) ' ^ ^ , then 

D = i l . ( N / V ) ' / ^ (7.21) 

Equation 7.21 is used as the Eyring approximation for the self diffusion 
coefficient. 

In a recent ar t ic le by Carlson, Eyring, and Ree concerning 
the thermodynamic and t ranspor t proper t ies of molten metals in which the 
self diffusion coefficient of sodium is shown to agree with the experimental 
data for the same coefficient, the following equation is suggested to calculate 
the data: 
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D =— • ( N / V ) ' / 5 (7.22) 

The t e rm a represents the effective number of neighbors of a molecule 
lying in the same plane. This value is approximately equal to six for close 
packed s t ruc tures . The same equation is used to calculate the self dif­
fusion coefficient for Hg which also agrees with the experimental data as 
shown in the ar t icle . 

3. Other Expressions Sometimes Used to Calculate Dy 

The following equations were collected from various sources to 
predict D^, the molecular diffusivity for comparison with experimental 
data: 

(a) Stokes-Einstein^^ k = Boltzmann's Constant 

T = Absolute Temperature 
kT 

•V 67T/Li ' jd = V i s c o s i t y 

R = Radius of diffusing 
species 

(b) Eyring Equation^ k = Boltzmann's Constant 

M(V/N)'^' 

(c) Carlson, Eyring-Ree Equation 

k T 

( V / N ) = Est imate for R 

about 6 

° = a(v/N)^.M ^'-"^ '^/^^ij = ^i(VN)i + X . (V/N) . 

(d) Li-Chang Equation^' 

D = ^^ , ,,3 (7.23) 
M(27T)(V/N) ' '^ 

The above equations were also used to predict D.̂ , data for the 
uranium-cadmium system in order to make a comparison with the experi­
mental data. The plot of the experimental data and the molecular diffusivi­
t ies predicted by using the above equations is shown in the following graph 
as Fig. 12. The summary of data is given in Table VII. 
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500 C 579C sbOC 4S0C 400C 

EYRING(E)+Bi-Pb,AU-Cd,QU-BI 

EXPERIMENTAL (EX)+Bi-Pb,^U-CdJlU-Bi 

STOKES-EINSTEIN(S-E))|:Bi-Ph,^-Ca,^U-Bi 

EYRING REElE-RjXu-Cd 

L I - C H A N G ( L 1 - C } -v-U-Cd 

Fig. 12. Experimental Data for Molecular Diffusivities 
in Molten Metals 

TABLE V I I . Diffusivity Data for Uranium-Cadmium, Uranium-Bismuth, and Lead-Bismutfi 

as Predicted by Various Equations 

Temp 

T(°C1 

330 

350 
400 

500 

600 

540 

518 

431 

330 

350 
400 

500 

600 

System 

U-Cd 

Bi-Pb 

U-Bi 

Stokes-Einstein'3 

D„ X 105 

1.295 

1.355 

1.606 

2.165 

2.922 

1.99 

2.21 

2.33 

2.7 

3.52 

4.53 

Molecula 

Eyring56 

Dv X 105 

12.164 

12.696 

15.011 

20.197 

27.064 

2.5 X 10^ 

3.31 X 10^ 

Diffusivities Calc 

Eyr ing-Ree^ 

Dv X 105 

2.03 

2.12 

2.505 

3.35 

4.52 

ulated by 

Li-Cfiang55 

Dv X 10 ' 

1.969 

2.072 

2.454 

3.273 

4.507 

Bird55 

Dv X 105 

1.943 

2.033 
2.409 

3.248 

4.383 

Experimental 

Dv X 10% 

1.0 

1.125 

1.87 

1.44-1.623 

1.75 

6.6 
5.4 



62 

F. Conclusions of Molecular Diffusivity Calculations for Uranium 
Diffusing in Molten Cadmium 

The experimental diffusivities for uranium diffusing in molten cad­
mium were determined by the capillary reservoi r technique as described 
ear l ier in Chapter I. These experimental diffusivities were checked and 
verified by independent measurements by Traylor. The resul ts were in 
close agreement with the values determined by Hesson. 

The experimental diffusivity values were compared with the p re ­
dicted diffusivity values using equations 7.15 to 7.23. The resul ts were 
tabulated in Table VII at the temperatures of the experimental runs. The 
Stokes-Einstein equation, 7.15, predicted D^ values about 30 to 50% higher 
than the values of the experimental diffusivities. Agreement was favorable 
and within the correct order of magnitude so that it may be concluded that 
the Stokes-Einstein equation can be used to predict diffusivities for liquid 
metal systems in the absence of experimental data. Recent research by 
Hootman*" has shown that an extension of the form of the equation used by 
Wilke*' for dilute solutions of nonelectrolytes to the area of liquid metals 
tends to correlate diffusivity data for uranium diffusing in three different 
metal solvents. These data have not been published for all of the solvent 
metals at the date of this thesis . 

The average deviation of the values predicted for the molecular 
diffusivity of uranium in molten cadmium by the Carlson, Eyring-Ree equa­
tion, 7.22, were higher than the experimental values obtained by Hesson. 

The average deviation of the values predicted for the molecular 
diffusivity of uranium in molten cadmium by the Bird equation^^ were 100%) 
to 200% higher than the experimental values. The Eyring equation p re ­
dicted values for D.̂  larger than the experimental values by a factor of 
10 to 20. The predicted values by the Li-Chang equation were 100% to 200% 
higher than the experimental values.^^ As mentioned above, the Stokes-
Einstein equation predicted values in closest agreement with the experi­
mental data. 

The probable reasons that the experimental molecular diffusivities 
were lower than the values predicted by equations 7.15 to 7.23 may be 
attributed to the factors resulting from the chemical nature of the system. 
The actual e r ro r resul ts from the uncertainty in the exact value to use for 
the effective radius ofthe diffusing uranium. Thus, the chemical factors 
such as association of the diffusing ion with solvent ions or a complex 
formation may hinder the diffusing ion and partially account for the dif­
ferences mentioned above. , 
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VIII. DISCUSSION OF VARIABLES MEASURED AND USED 
IN MASS TRANSFER CORRELATIONS 

A. Average Velocity in Pipe 

The average velocity of the molten cadmium in the loop was used to 
form the Reynolds number for flow in the pipe. This velocity was deter­
mined by p re s su re drop measurements across standard square edge or i ­
fices and measured in feet /sec . 

B. Velocity at the Uranium Sphere 

The velocity at the sphere was determined by a calculation from the 
equation of continuity. The velocity was based on the uranium, cross section 
at the sphere between the sphere and the pipe wall. The Reynolds number 
used for all of the mass transfer correlations was formed using this 
velocity, 

C. The Time of the Mass Transfer Run, 0 

The time 9 refers to the experimental time for the run from punnp 
s tar t -up to pump shut-down. It was measured in seconds and did not in­
clude the coastdown time, 9' , for the pump. 

D. Coastdown Time, £>' 

The time for the pump to coastdown and for cadmium transient flo^v 
past the sphere after the motor was shut off for the pump was designated as 
0', This time was also measured in seconds. 

E. Mass Transfer Coefficient, kj 

The mass transfer coefficient was derived from the measurements 
made on the weight loss from the sphere, the length of the run, 9, the area 
of the sphere, Ag, and the concentration driving force, AC. 

F. The Experimental Temperature, Tg 

The experimental temperature , Tg, was taken as the actual tempera­
ture of the molten cadmium at the sphere during a mass transfer run. The 
physical propert ies were all evaluated at the experimental temperature to 
determine the Schmidt number, Nsc-

G. Concentration of the Dissolved Uranium in Cadmium 

The concentration of the dissolved uranium in the molten cadmium 
was recorded by the chemical analysis of the liquid samples taken from the 



64 

dynamic loop. The concentration is expressed in g r a m s / c c of solution. 
Usually the concentration was zero for most of the mass transfer runs, 
unless the effect of variation of the concentration driving force was 
desired. 

The solubility of the dissolved uranium in the molten cadmium at 
saturation was used to determine the driving force. Usually the driving 
force was taken as the saturation concentration, Cg, minus the concentra­
tion of the dissolved uranium in the molten cadmium of the loop. This 
amounted to Cg - C,and with Cj equal to zero the driving force was Cg. 
This value for the driving force, Cg, was used for the majority of the 
mass transfer runs. 

I. 

The character is t ic dimension to use in the Reynolds number for all 
correlations was the diameter of the sphere, dg, obtained by averaging 
micrometer measurements made on the sphere diameter before and after 
the runs. 

J. The Activity or Effective Uranium Concentration 

The effective concentration of the dissolved uranium in the molten 
cadmium, or the activity, a.^, was obtained by data taken using the atomic 
fraction of uranium in molten cadmium, the activity coefficient, 7 I , and 
the thermodynamic cell measurements . 

K. The Physical Proper t ies of the Molten Cadmium 

The physical propert ies are discussed in Chapter VII. The Schmidt 
number was evaluated from the values of the physical propert ies at the ex­
perimental tennperatures of the mass transfer runs. Usually the values of 
the physical properties at 500°C were used since this was the temperature 
of the majority of the mass transfer runs. 

L. Surface Area of the Sphere 

The surface area of the sphere is used in the basic mass transfer 
equation to evaluate J ĵ by calculation of the mass transfer coefficient, kj. 
The nominal diameter of the sphere was used to calculate the nominal area , 
An- The arithmetic diameter dg was used to calculate the ari thmetic surface 
area , Ag, at the sphere for the mass transfer correla t ions , and for the Reyn­
olds number at the sphere, Nj^g g. The actual difference in the ari thmetic 
surface area and the nominal surface area amounts to about 1%. 
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M. The Mass Transfer , J^ Factor 

The mass transfer J(j factor used in the correlat ions of this repor t 
was based upon the Schmidt number raised to the 2/3 exponent. This was 
designated in Tables XIX, and XX as Jd(Nsc") . The J^ factor used in the 
correct ion for tempera ture was based upon the Schmidt number raised to 
the 0.58 exponent. The correct ions for surface area change, and coastdown 
time, 0', were made and applied to J j . The differences have been discussed 
in the sample calculations which appear in Chapter XVII. Except where 
specifically stated all of the J(j correlat ions were based upon the Schmidt 
number ra ised to the 2/3 exponent. 

N. Tables of Mass Transfer Data 

All of the mass transfer data have been tabulated in tables which 
appear in the Appendix, Chapter XVI. 
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IX. CALCULATION OF MASS TRANSFER DATA 

A. Equations Used to Calculate Mass Transfer Data 

The following discussion shall include; the calculation of the mass 
transfer coefficient k,; the evaluation of the Schmidt and Reynolds moduli; 
and the determination of the Jd factor. Expressions shall be presented 
which depend upon variables which relate the mass flux from the test sam­
ple, the length of sample exposure, the flow rate of the molten cadmium, 
and the physical propert ies of the system. 

1. Mass Transfer Equations Necessary to Evaluate k, and Jd 

a. Calculation of the Mass Transfer Coefficient, k. 

The weight loss is given by the following equation 

Aw = kiAse(Cg - Ci) (9.1) 

where N ^ represents the mass flux, Ag equals the surface a rea of sphere 
and e equals the time of exposure of the solute to the solvent, and (Cg - Cj) 
equals the concentration driving force. The concentration driving force for 
this study was taken as the difference in solubility of the solute in the solvent 
and the concentration of solute in the bulk s t ream. The previous equation can 
be solved for the mass transfer coefficient 

^ * (9.2) 
' Ase(Cs-Ci) -

Usually the concentration in the bulk s t ream Cj is about zero, unless the 
effect of the concentration driving force on the mass flux is desired. For 
convenience, the above equation may be written as follows: 

In equation 9.3 the ACj represents (Cg - C j . If Cj is zero, then the driving 
force is a maximum and may be represented as ACj^^x- I" ^^^ situation 
where Cj becomes equal to 0.25 Cg, 0.50Cg,0.75 Cg.and 0.90 Cg, the driving 
force becomes, respectively, 0.75 AC^^ax'°-50 AC^ax-°-25 ^C^^^^^, and 
0-lOAC^ax-

b. Calculation of the Mass Transfer Coefficient for 
Forced Connection, ki/Vg 

The mass transfer coefficient as shown in equation 9.3 will 
vary depending upon the velocity. It is advantageous to obtain the ratio of 
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the mass t ransfer coefficient to the velocity for the Jd factor versus 
Reynolds number correlat ion. The ratio kj/Vg is written as 

/ _ (Wi - W;) dp - dg 

"^'^^^ = ( ^ d | ) e ( V g ) d 5 , ( C g - C j '^-^^ 

where 

and 

dp = pipe diameter, cm, 

dg = sphere diameter , cm, 

8 = t ime of dissolution, sec, 

Va = average flow rate , c m / s e c , 

Vg = velocity of molten cadmium at sample, 

wi - W2 = sphere weight loss at Vg and 9, 

Cg - Cj = concentration driving force. 

The velocities at the sphere for the Jd correlation were obtained from the 
equation of continuity using the average velocity in the pipe, the a rea of the 
loop pipe and the minimum flow area at the sphere. This allowed the 
velocity at the sphere to be written as 

4 
dp - ds 

(9.5) 

It is realized, however, that the average velocity over the 
sphere is more complicated than that obtained in equation 9.5 by correct ing 
the average pipe velocity by the rat io of free flow area to minimum area for 
flow at the sphere. The actual velocity over the sphere is a complex func­
tion of the boundary layer formation, drag and p ressu re effects; however, 
the correlat ions of the mass transfer data in this report were based upon the 
velocity obtained at the sphere by using equation 9.5. The Reynolds number 
was evaluated using Vg. 

2. Calculation of Jd Factor for Spheres 

The mass t ransfer J ĵ factor is defined as 

Jd = (ki/Vg)(Nsc)''- (9.6) 

The group symbolized by Nsc is called the Schmidt number. It represents 
the rat io of fluid proper t ies which shows the rate of t ransfer of n:iomentum 
under the influence of a velocity gradient and the rate of mass transfer by 
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molecular diffusion under the influence of a concentration gradient. The 
Schmidt number as previously shown is evaluated from the physical prop­
ert ies of the fluid, viz., viscosity, y., density p, and the molecular diffu­
sivity D.̂ , of the experiment. The exponent b in the above equation is taken 
to be 0.666 unless otherwise stated. 

The sample calculations for kj, kj/Vg, Jd, and the detailed 
e r ro r analysis are given in the Appendix, Chapter XVll. 

B. Analysis of Possible E r r o r s in Jd Mass Transfer Data 
Resulting from Transient Flow in Loop 

1. Introduction 

The employment of a centrifugal pump for pumping the molten 
metal past the sphere in the dynamic loop created a small problem as r e ­
gards the s tar t -up and coast-down periods relative to the steady flow ra te . 
It was customary to measure the experimental time from the instant that 
the motor which drives the pump was turned on until the instant that the 
motor was shut off. However, a finite time was involved in pumping a slug 
of molten cadmium from the pump reservoi r to the uranium sphere during 
the s tar t -up period. Also after the motor was shut off molten cadmium 
still flowed past the sphere at an unsteady flow rate which depended upon 
its rate of decay as affected through inertial res is tance and conventional 
p ressure drop across the loop. In fact analysis of the rate of decay is even 
more complicated than simple p ressure drop calculations indicate fronn the 
Bernoulli equation since the molten cadmium must flow past the impeller 
and is damped by the drag resis tance associated with the pump shaft and 
shaft connections to the driving unit. 

2. Principles and Theory 

It is recalled that the flow rate of the molten cadmium was mea­
sured by an electromagnetic flowmeter and based upon the principle of its 
operation, the generated emf is proportional to the average velocity of the 
molten cadmium as determined by flow through an orifice. According to 
this principle, the emf generated as the liquid metal flows through the mag­
netic field of the magnets positioned on the low horizontal leg of the loop is 
expressed as 

K B L V. (9.7) 

For properly mounted magnets and at any given temperature , B (magnetic 
flux) is constant for the loop pipe. K is a constant which depends upon the 
geometry of the duct, the electrical res is tances of the duct and flowing 
metal and the geometry of the magnetic field. K is usually considered con­
stant at any given temperature and location. 
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If Ei and Vi are the emf and velocity at time tj and Egg, Vgg 
are the emf and corresponding velocity at steady flow then for the same 
magnet and given temperature and allowing for the constant K, B, L the 
rat ios of Ej to Egg and Vj to Vgg are essentially equivalent according to 
9.7. 

Having established the above equation and the assumption upon 
which it was based, it is desirable to obtain the emf (transient emf) during 
the s tar t -up and shutdown periods. It was found that an ordinary emf chart 
recorder should indicate the magnitude but could not yield a fast enough 
chart speed to record the transient growth and decay of the flow ra te . 

3. Experimental Equipment 

It was found that by using a Heiland Visicorder and DC ampli­
fier that growth and decay curves could be obtained during s tar t -up and 

shut-down of the dynamic loop. 
The set-up for the experimen­
tal measurements is sho^vn 
schematically in Fig. 13. 

A motor switching c i r ­
cuit s ta r t s and stops the motor 
drive unit for the nnolten metal 
pump. According to equa­
tion 9.7, after pumping begins 
an emf is generated propor­
tional to the velocity of the 
flowing metal. (The lower 
horizontal leg of the loop pipe 
where the EM flowmeter is 
located is always filled with 
molten metal to maintain wet­
ting of the walls, etc.) The 

Printed Chort 
B. Heilond Visicorder 
C D C Amplifier 
D E M Flowmeter 
E Loop Conduit 

FElect rodet For 

Picking Up EI^F 

Fig. 13. Experimental Apparatus for 
Measuring Flow Transients 
in Dynamic Loop 

generated emf at D is then fed to a DC amplifier which amplifies the sig­
nal at C and the amplified signal is picked up by the Visicorder at B. A 
printed chart at A shows the transient pattern as affected by the specific 
chart speed. The Visicorder used in these experiments could give chart 
speeds of 5 to 25 inches per minute. 

4. Experimental Procedure 

a. Start-up Operation. The dynamic loop was allowed to 
reach an experimental temperature of 500°C and the magnet temperature 
was periodically checked to insure that its temperature remained constant. 
At various speed rat ios using the Vari-speed drive the pump was simul­
taneously started with the Visicorder. It was found that the s tar t -up time 
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required to reach a steady flow rate was negligible compared to the longer 
coastdown periods. Corrections were not made for the s tar t -up time to 
reach steady flow rate. 

b. Shut-down Operation. After the s tar t -up transient was 
recorded and the loop allowed to operate at steady flow for some 10 sec­
onds, the pump was stopped by cutting power to the motor drive unit. The 
decay curves for the unsteady flow patterns versus time after shut-down 
were obtained and a typical transient is shown in Fig. 14. 

10 !( 12 as i« » 2t n z* 2» »o " M ag 

I I I I I I I I I I I I I I I I I I I I I I I r i I I I I I I I i _ 

t M f l i — t-rri 

I I I I I II II 

Fig. 14. Typical Trace Showing Coast-down Transient for Dynamic Loop 

In each cycle of starting up, running at steady state, and 
shutting down, the dummy sphere was located in the experimental position 
in the loop. At least five cycles of transient data were obtained at seven 
different pumping speeds. Also data were taken at both chart speeds. Fig­
ure 14, which is a typical trace of transient data for the dynamic loop, in­
dicates the following: 

a. s tar t-up transient, 

b. steady flow, 

c. coast-down transient, and 

d. total times to star t-up and coast-down. 

5. Discussion and Analysis of Transient Data 

It is assumed that the flow ratios are related to the electromo­
tive forces generated at the magnet by the flowing cadmium. If Vgg and 
Ess represent the steady flow velocity and corresponding emf, respectively, 
and Vi and Ei represent the flow rate and corresponding emf at same time 
after the power is shut off to the pump, then the ratios Vj/Vgg and Ej/Egg 
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are essentially equivalent. These rat ios represent the fraction of the ex­
perimental velocity for a regular mass t ransfer run vs time after the 
power is ciit to the pump. 

It is desirable to obtain basic information regarding this coast-
down transient as dissolution occurs at a rate dependent upon the time rate 
of change of velocity after power is cut to the pump. Actually, the measured 
weight from the sphere during the time the pump runs must be corrected to 
account for the amount dissolved off in the coast-down in the loop. 

The correct ion that is applied amounts to obtaining a factor 
which represen ts the effective mass t ransfer red by some average effective 

velocity during the coast-down 
TABLE VIII. Table of Transient Data t ime. The transient data is r e -

for Coast-Down corded from a typical vis icorder 
t race and is shown in the following 
table for a speed of 2150 rpm. 
The speed setting on the va r i -
speed motor corresponded to an 
index of 7 on the motor. 

10 E i 

0 
1 
2 
3 
4 
5 
6 
7 
7.5 

1.0 
0.94 
0.79 
0.60 
0.372 
0.165 
0.082 
0.025 
0.0 

The average flow rate is 
obtained by a graphical integration 
which amounts to obtaining the time 
average of the t ransient from the 
time the pump is shut off until the 
flow stops completely. The follow­
ing equation 9.8 represents this 

average where e represen ts the average fraction of the experimental ve­
locity for the coast-down period for the mass transfer run. 

r9=9 

Ja 
e(e) de 

•J a-
de 

Z ei(«) ^̂ n 
8=0 

6.(9) 

(9.8) 

When e is found the average velocity at the sphere for the decay period is 
obtained by recall ing 

_Ei 
E„, 

V i 
e; V = "eVc (9.9) 

where Vgg represen ts the experimental velocity at the instant before the 
pump is cut off and V represents the average velocity determined by this 
graphical integration. 
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A typ ica l g r a p h i c a l i n t e g r a t i o n i s s u m m a r i z e d in the fol lowing 
tab le for a speed of 2140 r p m . 

I n t e r v a l o v e r 6 
0.0 to 1.0 
1.0 to 2.0 
2.0 to 3.0 
3.0 to 4.0 
4.0 to 5.0 
5.0 to 6.0 
6.0 to 7.5 

A r e a ove r I n t e r v a l 
0.925 
0.885 
0 .720 
0.495 
0.320 
0 .100 

0 .0375 

ZSi = 7.5, ZAi = SEj , (9) A9 = 2.812 

_ 2.812 
7 . 5 

0.374, V = 0.374 (Vgg) 

The to ta l t i m e to c o a s t - d o w n at each speed i s p lo t ted in F ig . 15 
a s a function of the ve loc i ty . F i g u r e s 16 and 17 show the f r ac t i o n of s t eady 
flow for d i f ferent s p e e d s p lo t ted v e r s u s the d e c a y t i m e s 9' a f te r power is 
cut to the pump. Data for g r a p h i c a l i n t e g r a t i o n s m a y be t aken f r o m t h e s e 
p lo t s to obta in the a v e r a g e flow r a t e . 

The p r o c e d u r e used to obta in the a v e r a g e m a s s t r a n s f e r r e d 
a m o u n t s to us ing the a p p a r e n t k j /Vg obta ined f r o m the conven t iona l c a l c u ­
la t ion b a s e d on an a v e r a g e s p h e r e d i a m e t e r to c a l c u l a t e the a m o u n t t r a n s ­
f e r r e d in t i m e 9. Th i s a l lows a new and a b e t t e r e s t i m a t e of k j /Vg to be 
obta ined af ter c o r r e c t i n g for c o a s t - d o w n . The effect ive m a s s t r a n s f e r r e d . 
Aw' , b e c o m e s 

— ) x A„ X AC X X e x Vc (9.10) 

9=Totol Time To Coastdown After Motor Stiot-off, Seconds 
X= Pump Speed (RPM S) 

J I l _ -J I I I I 1_ 
200 400 600 8 0 0 1000 1200 1400 1600 1800 2 0 0 0 2200 

X 

Fig. 15. Total T ime for Molten Cadmium to Coast-down Versus Speed after Power Is Cut to Pump 
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6 = equals fraction of steady flow rate at-9i 

di=sec equals time elapsed after power shut off to pomp 

9 5 0 RPIH. 
I 150 
1650 
2150 

Fig. 16. Fraction of Experimental Flow Rate Versus Time after 
Power Is Cut Off to Molten Metal Pump at High Speeds 

£ = Fraction of Steady Flow Rote ot 9/ 

©•Time Elopsed After Power Stiut Off To Pump 

# 5 0 0 RPli* 

•J^ 7 5 0 RPM 

5 6 

6sec 

10 

Fig. 17. Fraction of Experimental Flow Rate Versus 
Time after Power Is Cut Off to Molten 
Metal Pump at Low Speeds 
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and the actual 

Aw' (9.11) m^ Vc 

The actual Jd equals 

fc)-Jd = h r -(Nsc) ^2/3 (9.12) 

These correction factors a re applied in the sample calculation of this 
section. 

The calculation of the maximum, minimum, and actual percent­
age e r r o r s in J j is given as a sample calculation in Chapter XVII. It is 
noted that no corrections are made for the s tar t -up transients as the time 
to reach steady flow rate was found to be about the same experimentally 
for each pumping rate . This usually amounted to about 1.2 seconds. Coast-
down corrections were only made for runs less than 3 minutes duration 
(l , 2, and 3 minutes). 

TABLE IX. Table of Coast-down Data 

Data for 2150 rpm 
t; E :x lO 

0 1.0 9 mv 1.0 
1 0.94 
2 0.79 
3 0.60 
4 0.372 
5 0.165 
6 0.082 

7 0.025 
7.5 = 9' 0.0 

Average Values of e Versus rpm 

Speed Index Motor 
N 

Pump Speed 
R P M 

600 
750 . 
950 

1350 
1650 
2150 

Average Fractional 
Rate of Coast-down 

£ 

0.507 
0.530 
0.384 
0.436 
0.463 
0.374 
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X. RESULTS AND DISCUSSION 

A. Comparison of the Uranium-Cadmium and the Organic 
Systems for JdVersus Nj^e s 

1. General Observations 

Figure 18 presents data for water flowing over benzoic acid, 
cinnamic acid, and 2-naphthol spheres and for the uranium-cadmium sys­
tem. The data were plotted as the Colburn-Jd factor for mass transfer 
versus the Reynolds number at the sphere. The following significant facts 
are observed from Fig. 18: 

(1) The experimental data for uranium-cadmium lies closest 
to the 2-naphthol line. The two curves actually intersect at a Reynolds num­
ber of 1.0 X 10*. 

(2) The relative order of magnitude of Jd values at a constant 
Reynolds number appears congruent to the relative hardness of the different 

10* I08 
N R a . S BENZOIC ACID-W*TER(2Z) 

CINNAMIC ACID-WATER(22I 

2-NAPHTHOL-WATER(22) 

• URANIUM-CADMIUM, • S 0 0 ' C , ^ I 5 0 * C , V « t > 0 * C 

f j / lO TOTAL D R A G / I O 

ALL RANDOMIZED URANIUM SPHERES 

Fig. 18. JdVersus NRg g for Different Organic Solutes Dissolving 
in Water and for the Uranium-Cadmium Systenn 
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s o l u t e s , i . e . , the sof tes t so lu te h a s the h i g h e s t J j v a l u e . S tee le and 
Geankoplis^^ a l s o o b s e r v e d th i s fact . 

(3) The Jd fac tor c u r v e s for a l l s o l u t e s have a c h a r a c t e r i s t i c 
r i s e and fall in the v in ic i ty of 100,000 Reyno lds n u m b e r . The r i s e in the 
u r a n i u m - c a d m i u m c u r v e s t a r t s a t a Jd va lue lower than tha t of the 2 -naph tho l 
c u r v e and r i s e s in a s i m i l a r m a n n e r to the to ta l d r a g c u r v e . 

(4) The s lopes of the c u r v e s a t the lower v e l o c i t i e s w e r e not 
the s a m e but w e r e s t e e p e r for the o r g a n i c s o l u t e s . 

(5) E x p e r i m e n t a l da ta w e r e not p r e s e n t e d for the o r g a n i c so lu t e s 
be low 500. It i s ex tended down to 100 for the u r a n i u m - c a d m i u m s y s t e m . 
Data w e r e a l s o p r e s e n t e d for the u r a n i u m - c a d m i u m s y s t e m ex tend ing a s far 
up as 5 X 10^. 

The to ta l d r a g coeff ic ient was a l s o p lo t ted v e r s u s the Reyno lds 
n u m b e r in o r d e r to show the g e n e r a l s i m i l a r i t i e s be tween m o m e n t u m and 
m a s s t r a n s f e r for the u r a n i u m - c a d m i u m s y s t e m . The Jd po in t s a r e s u m ­
m a r i z e d in Tab le X in o r d e r to c o m p a r e the m a s s t r a n s f e r c u r v e s to the 

TABLE X. J J Values at Reynolds Numbers of 3.5 x 10'' and 7 x IC" 

System 
Comparison of Characteristic 

Jd Values 

Solute 

Uranium 
2-naphtiiol 
Cinnamic 

Acid 
Benzoic 

Acid 

Solute 

Uranium 
2-naphthol 
Cinnamic 

Acid 
Benzoic 

Acid 

Solute 

Uranium 
2-naphthol 
Cinnamic 

Acid 
Benzoic 

Acid 

Solvent 

Cadmium 
Water 

Water 

Water 

Solvent 

Cadmium 
Water 

Water 

Water 

Solvent 

Cadmium 
Water 

Water 

Water 

fd/ io 

0.045 

Bi 

0.0081 
0.0046 

0.0071 

0.0081 

Ai 

0.0037 
0.0038 

0.0055 

• 0.0071 

A, 

0.0037 
0.0038 

0.0055 

0.0071 

Ci 

0.003 
0.0034 

0.005 

0.006 

B i 

0.0081 
0.0046 

0.0071 

0.0082 

fd/lO/A, 

12.1 
11.8 

8.2 

6.3 

Bi/Ci 

2.69 
1.36 

1.43 

1.35 

B I / A , 

2.19 
1.21 

1.29 

1.15 

(I) 

(11) 

(III) 

The A; values were taken at a Reynolds number of 3.5 x 10*. 
The Bj and Ci values are all taken at a Reynolds number of 7 x 1 C 
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total drag coefficient in the vicinity of 100,000 Re,s . Here both drag and 
mass t ransfer curves show a decided increase in the magnitude of the drag 
coefficient and the values of Jd. The change is more prominent for the 
uranium-cadmium system than for the organic solutes. These a re the only 
mass t ransfer studies made at a velocity beyond the hump. 

Table X shows the comparison of character is t ic Jd values for 
the different solutes. The values are chosen from Fig. 18 at Nj^g g of 
3.5 X 10 and 7 x 10*. Comparison of data in set II presented essential in­
formation. The Ci values were obtained by extrapolation of the various Jd 
versus Reynolds number curves throilgh the hump. The Bj values c o r r e s ­
pond to peak Jd values at the hump. The rat ios Bi/Cj a re taken to show 
that the p r e s su re effects on mass transfer for uranium-cadmium are about 
2 t imes that of the other solutes. These ratios a re as follows: uranium-
cadmium, 2.69; 2 naphthol-water, 1.35; cinnamic acid-water, 1.43; and 
benzoic acid-water , 1.35. 

In data set III, the Ai values correspond to a position in the Jd 
versus Reynolds curves pr ior to the abnormal r i s e . These values a re all 
taken at Nj^e s °^ 3.5 x 10*. All of the Jd versus Nj^g g curves for the 
various solutes show the same inflection point at this Reynolds number. A 
comparison of the various peak Jd values with these values shows that the 
p re s su re effects on mass t ransfer cause character is t ic inflection rat ios for 
uranium-cadmium twice that of the other solutes. 

2. Determination of Slope of Lines for JdVersus NRe,s 

The slopes of the various Jd versus Reynolds number curves 
were compared for different Reynolds number ranges. This allowed a di­
rect comparison of mass t ransfer effects in organic and aqueous sys tems. 
The slopes were determined by using the following equations which may be 
derived by semi-empi r ica l analysis . 

The Chilton-Colburn equation for mass transfer is combined 
with the Reynolds number and the mass t ransfer coefficient expressed as a 
simple power se r ies of the Reynolds and Schmidt moduli. The Chilton-
Colburn equation may be written as 

Jd = kyVg(Nsc) ' ' (10.1) 

and the velocity from the Reynolds number is substituted in 

NRe,s = dgVgp/^, (10.2) 

Vs = NRe,gM/pdg. (10.3) 



This subs t i t u t i on y i e l d s the fol lowing e q u a t i o n s : 

Jd = NRe,sM/pd . ( N s c ) " 
k , p d . 

NRe,sM VpDy, 
JL (10.4) 

J d 
kidg 

NRe , N R e 
0'(/i, p , D v ) . (10.5) 

E q u a t i o n 10.5 would i n d i c a t e tha t a s N R e , s a p p r o a c h e s z e r o the Jd f ac to r 
b e c o m e s inf in i te . H o w e v e r , kj i s not a c o n s t a n t but i s a funct ion of v e l o c i t y . 
T h u s , an independen t equat ion m u s t be ob ta ined which e x p r e s s e s kj a s a 
funct ion of ve loc i ty a t the low Reyno lds n u m b e r r a n g e . One f a m i l i a r e x p r e s ­
s ion r e s u l t s f r o m the e m p i r i c a l equa t ion a s fol lows b e t w e e n the S h e r w o o d 
n u m b e r and the Reyno lds and Schmid t n u m b e r s . 

Nsh = CiNRg_gaNsc ' ' -

E q u a t i o n 10.6 is subs t i t u t ed in equa t ion 10.5 to y ie ld 

CiDvNRe.g^Nsc'' 

'is J 
M 

LP°VJ 

X 

N R e , g ^ / p d g 

E q u a t i o n 10.7 s i m p l i f i e s to 

Jd CiD^ fi p NRe_g Nsc • 

(10.6) 

(10.7) 

(10.8) 

Th i s s t a t e s that J(^ is p r o p o r t i o n a l to the R e y n o l d s n u m b e r to the ( a - 1) 
power , or 

Jd " * { N R e , g ) ^ - ' * ' ( / i , P , D ^ ) (10.9) 

E q u a t i o n 10.9 is w r i t t e n a s log Jd = log c o n s t a n t + log <p' + {a - l) 

(log NRe , s ) or log Jd = c o n s t a n t + ( a - 1) log NRe_g (10.10) 

for a spec i f ic t e m p e r a t u r e s ince 0' r e m a i n s c o n s t a n t . The t e r m ( a - 1) 
r e p r e s e n t s the s lope of the Jd c u r v e for the spec i f i c R e y n o l d s r a n g e . 
T a b l e XI s u m m a r i z e s the m e a s u r e d s l o p e s f r o m F ig . 18 of the v a r i o u s Jd 
c u r v e s ove r the Reyno lds n u m b e r r a n g e f r o m 1 0^ to 5 x 10^. 
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TABLE XI. Slope of Jd and kj Versus NRe,g for Laminar Flow 

System 

Reference Solute Solvent 

^Re Slope of Slope of 

Lower Upper Jd l̂ i 
Limit Limit (a - 1) (a) 

(22) 

(22) 

(22) 

Uranium Cadmium 10^ 
10' 

2 X 10^ 

10' 
2 x 1 0 * 

lO' 

-0.424 +0.575 
-0.267 +0.732 

0 1.0 
(approx.) (approx.) 

2-naphthoI 

Cinnamic 
Acid 

Water 

Water 

5 x 1 0 ^ 
3 x 1 0 ' 

6 x 1 0 ^ 
3 x 1 0 ' 

3 x 1 0 ' 
3 x 10* 

3 x 1 0 ' 
2 x 1 0 * 

-0.649 
-0.363 

-0.649 
-0.424 

+0.350 
+0.636 

+0.351 
+0.575 

Benzoic Water 7 x 1 0 ^ 3 x 1 0 ' -0.509 +0.490 
Acid 6 x 1 0 ' 2 x 1 0 * -0.338 +0.661 

3. The Variation of kj with Velocity 

Most generalized correlat ions of experimental mass t ransfer 
data for spheres predict that the mass transfer coefficient var ies with 
velocity ra ised to the 0.5 power for laminar flow. Table XII summar izes 
the resul ts of other investigators as well as the experimental data obtained 
in this study for cadmium flow over spheres of uranium. Steinberger and 
Treybal* state that the resul t s of several investigators show that the var ia ­
tion of the exponent of the Reynolds number var ies from 0.3 5 to 0.6. How­
ever, included within this range a re the mass transfer data from liquid 
drops and pellets in packed beds and liquids in wetted wall columns. This 
encompasses , therefore, liquid-liquid and liquid-gas mass t ransfer . For 
solid to liquid mass t ransfer . Table XII shows that the exponent of the 

TABLE XII. Data for Variation of kj with Vg for Laminar Flow 
between 100 and 1000 NRg.s 

Reference Solute Solvent Geometry 

Spheres 
Spheres 
Spheres 
Spheres 
Spheres 
Spheres 

Exponent c 

0.5 
0.62 
0.490 
0.351 
0.350 
0.575 

(17) 
(4) 

(22) 
(22) 
(22) 

Benzoic Acid Water 
Benzoic Acid Water 
Benzoic Acid Water 
Cinnamic Acid Water 
2-naphthol Water 
Uranium Cadmium 



velocity var ies in a similar manner to that observed by Steinberger and 
Treybal.* Independent investigators obtained a value of 0.5 to 0.6 for the 
variation of kj with velocity for the exponent on the velocity using benzoic 
acid spheres.'^'^^ For solid-liquid transfer with spheres Table XII indi­
cates a variation of 0.35 to 0.62 which is the same as Steinberger and 
Treybal.* The value of 0.575 for laminar flow for the uranium-cadmium 
system tends to indicate that liquid metal mass transfer data may be cor­
related by similar expressions used for aqueous sys tems. This would 
tend to confirm the applicability of the Chilton-Colburn equation for liquid 
metal mass transfer. 

From Table XI showing the slopes of the various Jd lines, it is 
observed that the slopes change as the Reynolds number range for the spe­
cific slope increases . The first slope may be assigned to the region of 
laminar flow where it is generally assumed that laminar mass transfer 
occurs in the boundary layer. The next Reynolds number range where the 
slope increases may indicate the probable effects of turbulent action at 
the solid surface with some eddies penetrating directly to the solid surface. 
It is noted that the first data for solid spheres for Reynolds numbers above 
1.5 X 10^ are those of this report . The mass transfer equations obtained in 
a conventional manner empirically tend to indicate that in the high velocity 
range the mass transfer coefficient varies with velocity raised to approx­
imately an exponent of 1.0. Table XIII summarizes some of the work which 
supports this fact. 

TABLE XIII. Variations of k, with Velocity at High Reynolds Numbers 

R e f e r e n c e 

(39) 

(63) 

Solute 

Benzo ic Acid 
C i n n a m i c Acid 
2 -naph tho l 

2 -naph tho l 

U r a n i u m 

Solvent 
or Gas 

Water 
Wate r 
Water 

A i r 

C a d m i u m 

G e o m e t r y 

P i p e s 

Wet ted Co lumn 

S p h e r e s 

E: xponent on Vg 

0.83 

0.83 

1.0 
( approx . ) 

It is noted that all of the dimensional equations including the 
Chilton-Colburn equation tend to confirm the fact that the nnass t ransfer 
coefficient is a function of velocity raised to the 0.83 exponent. The values 
of 1.0 for uranium spheres is questionable in the Reynolds number range 
from 3 x 10^ to 5 X 10^ since a sufficient number of data points were not 
obtained to accurately position the slope of the Jd versus Reynolds number 
curve. If the slope is flat, the exponent on Vg at the highest velocity is 



about I.O since the slope of the Jd line, evaluated as ( a - 1), is zero . The 
observed slope is essentially consistent with that expected since it has the 
correc t order of magnitude. 

4. Qualitative Discussion of the Relationship of Total Drag 
Curve to Jd at 10^ Reynolds Number (The Hump Region) 

It may be observed from Fig. 18 that there is a charac ter i s t ic 
increase in the mass t ransfer J ĵ factor in the vicinity of 10^ Reynolds num­
ber . This increase in Jd is common to all of the Jd versus Reynolds num­
ber curves . 

The total drag of single spheres resul ts from drag and p re s su re 
effects over the sphere. Both peaks occur at the same Reynolds numbers 
but the peak for the drag curve is much broader . There are no skin friction 
data for spheres in the hump region and it is skin friction data which should 
be compared to Jd and not total drag. Nevertheless, one can obtain a quali­
tative physical analogy concerning what happens by observing the total drag 
curve. In front of the sphere and along the leading edge as the Reynolds 
number inc reases , the velocity increases due to decreasing flow area . The 
p ressu re on the forward half of the sphere decreases and then increases to 
the rea r . The par t ic les in the viscous layer reach a point along the surface 
from the leading edge of the sphere where an adverse p ressu re gradient is 
encountered such that separation occurs and eddy motion resul ts at the r ea r 
of the sphere. This is generally designated as the wake area . 

The effect of the shift of the point of separation with Reynolds 
number from the forward portion of the sphere to the rear of the sphere is 
observed by the r i se and subsequent decrease in the total drag curve at 
Reynolds numbers of 1 0 corresponding to highly turbulent flow. 

Either artificial roughening of the sphere or natural roughening 
due to mass transfer of the spherical surface along the leading edge can in­
troduce turbulence into the boundary layer. This causes eddy motion and a 
"tripping action" of the boundary which is discussed in detail in a later sec­
tion of this chapter. The "tripping action" contributes significantly to the 
hump in the Jd versus Reynolds number curve. The form drag and p re s su re 
effects as discussed in detail above contribute to the natural occurrence of 
the phenomena. 

Many investigators have shown that at high flow ra tes , turbulent 
eddies penetrate directly to the solid surface. The penetration of eddies di­
rectly to the solid surface combined with the recirculat ion of the molten cad-
nnium behind the sphere by turbulent eddy motion are the chief reasons for 
the increase in Jd factors at a Reynolds number of 10^. The greater increase 
in Jd factors for the uranium-cadmium system as compared to organic-water 
sys tems is probably attributed to the factors outlined in the previously d i s ­
cussed paragraphs . 



B. Discussion of Temperature Effect upon JdVersus NRg^g 

1. Correction of NSc for Change of Temperature 

The mass transfer J ĵ factor may be written as 

Jd = ^ ( N s c ) ^ ( i ° - ^ i ) 
^ s 

Most investigators have used this basic definition to corre la te their mass 
transfer data. Generally, the exponent, b, on the Schmidt number has been 
taken to be 0.666. (A discussion has been presented in Chapter III of this 
report concerning the origin of the exponent.) Some doubt existed concern­
ing the validity of the number 0.666 for correlating liquid metal mass t rans­
fer data. There were two reasons to support the argument: 

(a) Most investigators in heat transfer studies with liquid 
metals found that conventional expressions used in heat transfer did not 
corre la te their data. In a high temperature system the possibil i t ies of 
somewhat similar discrepancies between conventional mass t ransfer cor ­
relations and liquid metal mass transfer data might be expected. 

(b) The values of the physical propert ies used for forming the 
Schmidt number a re different for liquid metals than for aqueous and organic 
sys tems. Thus a variation in temperature on Jd may not be accounted for 
by using a value of 0.666 for the exponent on the Schmidt number. This ex­
ponent and its probable value has been discussed in Chapter III. Therefore, 
it was advantageous to test the experimental mass transfer data for the 
uranium-cadmium system. 

2. Determination of b Using the J^ Factor Plot 

A method to determine the exponent on the Schmidt number may 
be obtained by taking the definition of the Jd factor and plotting log ( l /kj /Vg) 
versus log N3(- at a constant Nj^g g. The experimental data were plotted 
according to this method and appear in Fig. 19. The change in the boundary 
layer thickness is again detected since the slopes a re not comparable at the 
separate Reynolds number ranges. The following values were obtained at 
each Reynolds number for the variation of the Schmidt number. 

l^Re,s Exponent 

115 0.60 
735 0.58 

An average of the values was 0.59. It should be noted, however, that the 
range of the Schmidt numbers covered was 60%. Hence, the slopes from 
Fig. 21 are only approximate. 



83 

aSINeCE MET4L SPHERES OF URANIUM 

O PACKED BED OF SPMERES(2) 

Fig. 19 

Plot of l /ki /Vg or 
aHj-Versus Nsc 

Nsc 

A check of the l i terature to see if other investigators had cor­
related data with values close to 0.59 for the Schmidt number exponent r e ­
vealed that this value possessed the correct order of magnitude. Gaffney 
and Drew^ studied mass transfer from an unsaturated acetone-succinic 
acid solution using a packed bed of succinic acid pellets. They found that 
the exponent on the Schmidt number was 0.58. These values are suffi­
ciently close enough to confirm the original doubt concerning the conven­
tionally used 0.666. The experimental mass transfer data for uranium-
cadmium will be correlated using a value of 0.58 for the exponent on the 
Schmidt number. The Gaffney-Drew data for packed beds also appear on 
the ( l /k i /Vg) versus Nsc plot shown in Fig. 19. These data are plotted as 
aHf versus N3(-. 

3. Discussion of Jd versus Nj^g g with Nsc '̂ ^ 

The experimental mass transfer data for the uranium-cadmium 
system were plotted and corrected by using the 0.58 exponent on the Schmidt 
number. Figure 20 shows this graph as well as mass transfer data for water 
flow over benzoic acid, cinnamic acid, and 2-naphthol spheres . The value of 
0.58 on the Schmidt number tends to corre la te the experimental uranium-
cadmium data so that at the Reynolds numbers of 4 x 1 O' and 1 x 10^ the 
2-naphthoI and the uranium-cadmium curves coincide. The data for cin­
namic acid and benzoic acid were not brought any closer to the uranium-
cadmium curve using the 0.58 value. 
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* ' BENZOIC ACID - M 2 0 . 2 5 C , N s ^ ° ' ^ 
CINNAMIC ACID-H2O, 25C,Ns^ 0 58 
Z-NAPTHOL-HjO.eSC.Ns^ 0.58 

URANIUM-CAOMIUM.SOO C.Nv. * " • 

Fig. 20. Mass Transfer J^ Fac torVersus Nj^^ g with Nsg°-^* 

C. Discussion of the Effects of Metallurgical Treatment and 
Methods of Wetting upon Mass Transfer 

1. The Heat Treatment of Uranium and Its Effect on the 
Mass Transfer Coefficient (Chemically Wetted) 

The heat treatment of uranium which amounts to the alpha to 
beta phase transformation through an annealing and quenching process 
tends to produce a randomized grain orientation as well as more uniformly 
sized grains. The effects of mass transfer on spheres produced from this 
type of structure as compared to that on spheres produced from structures 
with preferred grain orientation may be observed in Fig. 21. The mass 
transfer from nonrandomized uranium spheres is not as great as that from 
the randomized spheres. This may be seen by comparing Jd values for the 
two structures. There are two reasons for the noted higher J j values for 
the randomized spheres. Both are a result of the heat treating process . 
The randomized spheres have structures possessing smaller grains and 
grains which are rather regularly orientated. For the same time of ex­
posure and at the same velocity of the molten cadmium, the surface area 
between phases is somewhat larger for the randomized sphere. 
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Fig. 21. Plot of JdVersus Nj^gg for Chemically Wetted, Random, 
Nonrandom, and Ultrasonically Wetted Spheres 

This enhances mass transfer since the rate of dissolution is 
proportional to the exposed surface area between phases. The regular 
orientation would tend to produce an interface upon dissolution whose pro­
duction in surface area per unit time would be greater because of uniform 
attack at the interface. 

That the above logic as well as the experimental facts for 
uranium-cadmium presented in Fig. 21 are well based may be supported 
by the work of Stevenson and Wolff.^' They found for the Cu-Nickel alloy 
that the fine grain s tructure was attacked to a greater extent than the 
coarse s t ructure . 

From Fig. 21, it is observed that the fine structure (random­
ized spheres) was attacked about 2 to 5 times as much as the coarse (non­
randomized) s t ructure . Stevenson and Wolff^' make no quantative 
comparison between the relative differences in dissolution between the 
coarse and fine s t ructure and their respective grain sizes. The photomi­
crographs shown in Fig. 22 show a test uranium sample before and after 
heat t reatment. It is observed from Fig. 22 that the sample after heat 
t reatment possesses a finer s tructure as sub-graining appears . The photo­
micrograph shows the s tructure of uranium before the heat treatment at the 
left. The structure at the right shows the effects of the heat treatment. 
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The s t r u c t u r e at the r i g h t p r e s e n t s a f iner g r a i n s i z e and it a p p e a r s tha t 
it p o s s e s s e s m o r e r a n d o m o r i e n t a t i o n s . 

F ig . 22. P h o t o m i c r o g r a p h of U r a n i u m befo re and af ter Hea t T r e a t ­
m e n t Showing Random and N o n r a n d o m S t r u c t u r e s 

Most of the runs in the m a s s t r a n s f e r s tudy of the u r a n i u m -
c a d m i u m s y s t e m w e r e m a d e us ing r a n d o m i z e d s p h e r e s . The d a t a w e r e 
found to be r e p r o d u c i b l e over the Reyno lds n u m b e r r a n g e f r o m 10^ to 
4 X 10^ as shown in F ig . 2 1 . The runs with the n o n r a n d o m i z e d s p h e r e s 
indeed showed that the u r a n i u m was a t t a cked in a s l ight ly p r e f e r r e d 
d i r e c t i o n . 

2. The Effect of U l t r a s o n i c s upon the M a s s T r a n s f e r Coeff i ­
cient and C o m p a r i s o n with C h e m i c a l Wett ing Methods 
(Randomized S p h e r e s ) 

Mos t of the runs for the Jd v e r s u s Reyno lds c u r v e w e r e ob­
ta ined by employing u r a n i u m s p h e r e s which w e r e wet by the c h e m i c a l 
me thod d i s c u s s e d in Chap te r XV. It was expec t ed that a u r a n i u m s p h e r e 
which was wet ted by using the u l t r a s o n i q a p p a r a t u s migh t y ie ld Jd v a l u e s 
with a s l ight ly d i f ferent va lue r e l a t i v e to those obta ined us ing s p h e r e s wet 
with the c h e m i c a l method . It was pos tu l a t ed that the u l t r a s o n i c t r e a t m e n t 
migh t p r o d u c e two fundamenta l e f fec ts . T h e s e w e r e a s fol lows: 



(a) For the ultrasonic technique, there would be supposedly no 
reaction film at the interface between the solid uranium and the cadmium 
phase for the prewet sphere. Whereas, the possibility existed of some inter­
metallic formation between the uranium solid phase and the molten zinc in 
the chemical wetting procedure. 

(b) The probable effect of ultrasonic surface waves on the solid 
uranium surface could cause some changes in solid phase s tructure as well 
as possibly an initial dissolution attack. Figure 21 shows the differences 
resulting from using chemically wet spheres and ultrasonically wet spheres . 
The Jd curve for the dissolution of uranium in cadmium is about 10 to 25% 
lower for the ultrasonically wet spheres as compared to the chemically wet­
ted spheres . This is almost within the experimental e r ro r . 

D. Discussion of Change of Surface Area between Phases for Mass Transfer 

1. Using Different Diameter Spheres 

In order to obtain the variation of surface area with mass t r ans ­
fer, runs were made with l /2 inch, 3/8 inch, and l / 4 inch spheres at sepa­
rate Reynolds numbers chosen over the entire Reynolds number range. 
Five runs were made with 3/8 and l /4 inch spheres at five separate Reynolds 
numbers. The data appear plotted in Fig. 23. 

I I I I I M I I I I I I 

1 I I I I I ^ * • " " 

' "e^ 

10 ' 10" 10" 
URANIUH-CAOMIUMI/t'SmERES 

X . URANIUM-CADMU«I/4'(PHERE8 

Jf URANIUU-CADMUM 3/8'SPHERES 

Fig. 23. Plot of JdVersus NRg g for Different Diameter Spheres 



The deviation of the J ĵ factors for the 3/8 inch and l /4 inch 
spheres from the Jd factors for 1/2 inch spheres is presented in Table XIV. 

T A B L E XIV. C o m p a r i s o n of J d for 3 /8 inch and 1/4 inch S p h e r e s to 
Jjj for 1/2 inch S p h e r e s V e r s u s Nj^g g 

Run No. 110 111 112 113 114 115 116 117 118 119 

J d ( l / z inch) .022 .0097 .0054 .0066 .0045 .023 .0057 .0096 .0053 .0072 

Jd ( 3 / 8 inch) .0207 .00713 .00431 .00597 .00532 . . . - . 

% J d ( 3 / 8 inch) 6 27 20 9 17 - -

J d ( 1 / 4 inch) . . - - . .021 .00387 .00739 .00514 .00477 

% Jd ( 1 / 4 inch) - - - - - 8.6 32 23 3 34 

N n „ , 124 903 5,160 61,100 104,000 114 4,330 906 57,900 95 ,600 

The Jd data for various diameters does vary but little from the 
expected experimental e r ro r . The analysis of the experimental e r ro r in Jd 
is about 15%. If it is assumed that the same e r ro r could be involved in each 
Jjj factor for the various diameter spheres then the resul ts are to be ex­
pected. Garner and Suckling' in their study of the dissolution from benzoic 
acid and adipic acid spheres to water indicated that above NRg of 100 that 
their correlation using the Sherwood number Nsh showed that the mass 
transfer data for 3/8 inch, 1/2 inch, 5/8 inch, and 3/4 inch spheres were 
correlated by a single curve. These authors ' indicate that the variation of 
the velocity over the surface of the sphere may be important. They based 
all of their mass transfer calculations on the average velocity of the fluid. 
The differences which result in the J j factors for the 1/2 inch, 3/8 inch, 
and 1/4 inch spheres shown in Fig. 23 under forced convection conditions 
seem to agree with the observations of other investigators to the extent 
that the Jd factors for the various diameter spheres are within the experi­
mental e r ro r of the experiment. This effect of using various sphere diam­
eters was not discussed in detail in Steinberger-Treybal.* Although they 
stated that the wall effect was not important for mass transfer from the 
sphere for ratios of sphere diameter to column diameters from I/8 to 0.3. 
Garner and Suckling' specifically state that the velocity variation over the 
sphere should produce a slightly different effect for the Sherwood number 
or in other words the mass transfer coefficient is different. For example, 
the 1/4 inch sphere res t s almost at the maximum velocity from considera­
tions of the velocity profile across the loop pipe. The velocity profile be­
tween the annular space and the wall is different for each diameter sphere. 
This of course means that the kj/Vg used for the Jd factor correlations 
does not reflect the correct dimensionless ratio for kj/Vg for the different 
diameter spheres. Hence, J j for the different diameter spheres would be 
different. This is true even though the average velocity of the sphere was 
corrected from the average pipe velocity to velocity, Vg, at the minimum 
cross section. 



89 

The Jd values were calculated using the linear mean diameter 
before and after a run. However, using a true mean diameter by integra­
tion of the basic differential equation gave values of this value within 1% of 
the linear mean diameter . Hence use of the linear mean diameter was suf­
ficiently accurate for the Jd calculations. The linear mean diameter was 
obtained by averaging micrometer measurements on the sphere diameter 
before and after a run. The mean diameter was used to calculate the mean 
surface a rea of the sphere Ag. 

2. Using Artificially Roughened or Smooth Spheres 

Roughened spheres were generated by a knurling process on the 
surface. The spheres were knurled in such a way that the weight loss of the 
sphere before and after knurling was negligible. The knurling process c r e ­
ated a surface whose radial distance between tips and valleys amounted to 
about l / 64 of an inch with a uniformly roughened surface. Runs were made 
at separate Reynolds numbers of 330 and 8800 and the Jd values only for 
random spheres were compared with the previously obtained Jd values for 
nonroughened surfaces. The difference between Jd values at a Reynolds 
number of 330 was negligible for the roughened and smooth spheres . This 
was expected since it was postulated that diffusion through the laminar 
boundary layer was the controlling mechanism at this Reynolds number. 
The Jd value for the roughened sphere at a Reynolds number of 8.8 x lO' 
was somewhat higher than the corresponding J^ value for a smooth surface. 
This was also expected since it was noticed that some turbulent penetration 
through the film begins at this Reynolds range and the action at the solid 
interface between phases would produce more relatively enhanced effects 
for the roughened sphere than for the smooth sphere. The data points a re 
plotted in Fig. 24. 

Figure 2 5 shows a photograph of the knurled sphere before and 
after a mass t ransfer run in the molten cadmium at a Reynolds number of 
8.8 X 10 . The above discussion is substantiated since the photograph shows 
the probable effect of turbulent eddy action at the solid surface. The rough­
ened surface probably allowed the onset of full turbulent action to occur at 
an ea r l i e r Reynolds number than that experienced by a smooth sphere. The 
knurled sphere at a Reynolds number of 8.8 x 1 O' after a run resembles very 
closely the pitted sphere shown at a Reynolds number of 62,900. Note that 
photographs of runs MT-4 and MT-34 of Fig. 26 clearly show surfaces which 
are relatively smooth. Also run MT-4 at a Reynolds number of 34,800 shows 
an almost ideal aerodynamic profile and a smooth surface while the run with 
the knurled sphere at 8.8 x I O' Reynolds number shows a partially eroded 
surface. The following section includes the discussion of turbulence, drag, 
and mass t ransfer effects brought about by roughening the sphere. 
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Fig. 26. Photograph Showing Flow over Spheres 
at Different Reynolds Numbers 

3. Discussion of the Jd Versus Reynolds Number Curve at 
the Hump Region 

It was nnentioned in the previous section and may be observed 
from Fig. 24 that the Jd factor for the roughened sphere was higher at a 
Reynolds number of 8.8 x 1 O' than the Jd factor for a smooth sphere. This 
probably resul ts from the effects brought about by the introduction of tur ­
bulence in the forward portion of the roughened sphere at a lower Reynolds 
number than should be expected for turbulence occurring normally over a 
smooth sphere. Thus turbulent eddies penetrate directly to the surface of 
the solid sphere creating an additional exchange of mass in addition to that 
expected at this Reynolds number by laminar diffusion, or slightly turbu­
lent mass transfer . Figure 25 shows the roughened sphere after a mass 
transfer run and the obvious weight losses in the forward and rear regions 
of the surface. The relative effect of turbulent action on the roughened 
sphere may be seen by observing the run MT-4 at a Reynolds number of 
3.48 X 10* for a smooth sphere in Fig. 26. The smooth and roughened 
spheres were heat treated and it was known that grain orientations and 
grain sizes for the spheres were similar . 

The roughened sphere induces a "tripping" action into the 
boundary layer and hence turbulence into the forward portion of the sphere.^^ 
Therefore, the mass transfer resul ts tend to confirin the relative effects of 
fluid flow action over the smooth and roughened surfaces. 
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The "tripping" effect was observed in the vicinity of 8.8 x 10 
Reynolds number for the flow of cadmium over smooth uranium spheres . 
In connection with this, runs MT-25 and MT-27 of Fig. 26 show the same 
surface attack as for the knurled sphere. The roughened sphere shows the 
same Jd as the Jd for the smooth sphere at a Reynolds number of 330. This 
tripping action coupled with the normal p ressu re drag over the sphere at 
this Reynolds number (8.8 x lO') probably accounts for the hump in the Jd 
versus Reynolds number curve. With meager skin friction data available, 
the qualitative similari ty between form drag and Jd at this Reynolds range 
is apparent. 

The tripping mechanism could result from several sources . 
The occurrence of pitting, partial dissolution at the solid surface around 
impurit ies or inclusions, diffusion along grain boundaries after local attack 
at the solid surface is initiated, or erosion could contribute to the tripping 
action. 

These mechanisms were discussed in Chapter III and tabulated 
in Table I. They become important in this Reynolds number range ( 4 x 1 0 
to 5 X 10^) since turbulent eddies penetrate directly to the solid surface. 
They probably are not as important at the low Reynolds number range where 
mass diffusion through the laminar boundary layer controls. 

Experimental evidence obtained in this study showed that pitting 
and erosion effects occur at the Reynolds number corresponding to the r e ­
gion of the hump (Nj^^ s ^ '̂  10*). The spheres were more pitted and eroded 
and the weight losses were greater at this Reynolds number range. 

It is believed that the experimental evidence obtained by the dis­
solution from uranium spheres in the Reynolds number range from 5 x 1 0 to 
1.5 X 1 0̂  presents the first evidence of the tripping mechanism in mass 
transfer and its effect on the boundary layer. 

E. Discussion of the Experimental Data for the Uranium-Cadmium System 
and Comparison with the Transfer Coefficient for Momentum 

It has been stated ear l ier in this report that in the absence of ex­
perimental data on mass transfer for a specific system that the mass t r ans ­
fer coefficients would be predicted from heat transfer data by application of 
the general Chilton-Colburn analogy. This analogy states 

''El^T-^fjL. (.0.12) 
h pCpVg \ k / Vg ypD^^ 

The right hand side equals Jd which is the Chilton-Colburn Jd factor for 
mass transfer . This analogy has found wide application in aqueous and or­
ganic sys tems. It seemed appropriate to test the limited form of the analogy, 
viz., equation 10.13. 
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where f is the skin friction factor for the momentum transfer across the 
sphere. 

In order to establish if the analogy equation 10.13 is correc t for 
liquid metals , the skin friction factor f/2 of organic systems for spheres 

and rotating cylinders from Tables XV and 
TABLE XV. Skin Er ie- XVI were plotted in Fig. 27 and compared with 

tion Factor Data for the Jd for the uranium-cadmium system. The 
Rotating Cylinders skin friction factor data for spheres were l im-
(Read from graph, ited to a Reynolds number range from 100 to 

reference 20) 1000 and at one point of 1.56 x lO'. At a Rey-
nolds number of 100 to 1000 the f/2 for or-

Nj^g g f/2 ganics is 2 to 3 times greater than the Jd for 
the uranium-cadmium system and at 1.5 x 10^ 

2 x 1 0 0.030 the f/2 is approximately 3 times the Jd line. 
I x 10 0.011 However, in the region of the hump form drag 
1 x 1 0 0.0046 accounts for the major increase in Jd. Hence, 
1 X 10* 0.0027 it would not be expected that the skin friction 
1 X 10 0.0017 and Jd analogy would hold in this region. 

At a Reynolds number of 1000 the skin friction f/2 of organic sys­
tems for spheres is in reasonable agreement with J J for cinnamic acid and 
2-naphthol. Extrapolation of the cinnamic 
and benzoic acid Jd lines to a Reynolds TABLE XVI. Skin F r i c -
number of 1.56 x 1 0̂  shows a close agree- tion Data over a Sphere 
ment of f/2 and J j for spheres . (Read from graph, 

reference 76) 
Hence, Fig. 27 shows that the an­

alogy between Jd for liquid metals and f/2 
for organic liquids was not confirmed. Ho^v-
ever, skin friction data for liquid metals 
are not available and such data when avail­
able may show a closer relationship be­
tween Jd and f/2. 

Data for skin friction f/2 for rota­
ting cylinders^ or organic liquids in Fig. 27 
show a reasonably close agreement with Jd 
for uranium-cadmium. Sherwood using experimental data shows a close 
agreement between skin friction, mass transfer, and heat transfer for the 
rotating cylinders over a very wide Reynolds number range. 

NRe,s 

50 
100 
300 
500 
700 

1,000 
157,00077 

f/2 

0.14 
0.083 
0.041 
0.030 
0.025 
0.0205 
0.0045 
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Friction Factor for Cylinders and Spheres 

Since it was concluded that at the region of the hump in the Jd curve 
at a Reynolds number of 10 the abnormal increase in Jd results from form 
drag, the extrapolation of the skin friction curve through a Reynolds range 
of 4 X 10* to 1.5 X 10^ seems plausible. 

F. Discussion of the Dependence of Mass Flux upon the Concentration 
Driving Force for Mass Transfer 

1. Introduction 

The basic mass transfer equation may be written as 

Aw = kjAgSAC. (10.14) 

A rearrangement of the above equation allows the mass flux Nj^ 
to be written as a function of the concentration driving force 

N A = ^ = k,(AC). (10.15) 

It was observed by Steele and Geankoplis^^ in their investigation of the mass 
transfer from benzoic acid, cinnamic acid and 2-naphthol spheres that where 
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m a s s flux w a s p lo t ted v e r s u s the c o n c e n t r a t i o n d r i v i n g f o r c e tha t a f ini te 
m a s s flux a p p e a r e d a t s u p p o s e d l y s a t u r a t e d cond i t i ons . S a t u r a t e d c o n d i ­
t ions r e f e r to 100 p e r c e n t so lu t e c o n c e n t r a t i o n in the so lven t or d i s s o l v i n g 
m e d i u m . T h e s e i n v e s t i g a t o r s ^ ^ s t a t e d that the r e a s o n for a f ini te flux be ing 
o b s e r v e d when t h e o r y i n d i c a t e s a z e r o flux m i g h t be a s s o c i a t e d with the 
d i f f e r e n c e s in d i s s o l u t i o n and d e p o s i t i o n r a t e s f r o m and to the s p h e r e , or 
f r o m p h y s i c a l a t t r i t i o n and t u r b u l e n c e effects r e s u l t i n g f r o m the flow of 
so lven t p a s t the s p h e r e . H o w e v e r , they^^ p lo t ted the m a s s flux v e r s u s the 
c o n c e n t r a t i o n d r i v i n g f o r c e wi th the Reyno lds n u m b e r s he ld c o n s t a n t for 
e a c h s y s t e m and found the s a m e effect at a z e r o c o n c e n t r a t i o n d r i v i n g 
f o r c e . 

H o w e v e r , it h a s b e e n m e n t i o n e d tha t the t r u e d r iv ing f o r c e for 
m a s s t r a n s f e r i s not the o r d i n a r i l y u s e d c o n c e n t r a t i o n d i f f e rence but should 
be r e p l a c e d by the effect ive d r i v i n g f o r c e , or by an ac t iv i ty d r i v i n g f o r c e . 
The c o r r e c t i o n of the e x p e r i m e n t a l m a s s t r a n s f e r da t a for th i s ef fect ive 
d r iv ing f o r c e should r e d u c e the m a s s flux to a va lue c l o s e to z e r o on a p lo t 
of m a s s flux v e r s u s a c t i v i t y d r iv ing f o r c e . 

The ac t i v i t y da ta for the u r a n i u m - c a d m i u m s y s t e m w e r e ob­
ta ined f r o m the w o r k of J o h n s o n and M a r t i n . ^ ' The a t o m f r ac t ion of u r a ­
n i u m in c a d m i u m so lu t ion was p lo t t ed v e r s u s the l o g a r i t h m of the ac t iv i ty 
in F ig . 28. Us ing v a l u e s of Cj which w e r e c h o s e n for the m a s s t r a n s f e r 

Fig. 28 
Atom Fraction of 
Uranium, N, Versus 
Log Activity, Log(a) 

LOG(Q) 
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runs. Figure 28 was used to read an activity value. Table XVII was pa r ­
tially constructed by using these activity data. Equations 10.23 and 10.17 
were used to calculate the driving force data tabulated. 

TABLE XVII. Activity and Concentration Data Versus k, for Flux Analysis 

Run No . 

89 
90 

91 
92 
93 
94 
95 
96 
98 
99 

100 
102 
103 
104 
105 
107 
108 
109 
130 
131 
132 
133 

R u n No. 

89 
90 
91 
92 
93 
94 
95 
96 
98 
99 

100 
102 
103 
104 
105 

Aw 

0 .4056 
0 .1765 
0 .5748 
0 .4844 
0 .3550 
0 .3448 
0 .4074 
0 .1990 
0 .5053 
0 .2736 
0 .8708 
0 .4506 
0 .6420 
1.4869 
0 .2636 
1.0230 
0 .2928 
0 .7910 
0 .3148 
0 .3613 
0 .5597 
0 .2316 

A s 

4 .93 
4 .97 
4 .94 
4 .92 
5.01 
4 .95 
4 .95 
4 .95 
4 .93 
4 .96 
4.93 
4 .94 
4.99 
4 .96 
4 .96 
4 .93 
4 .95 
4.87 
4.97 
4 .97 
4 .95 
4 .97 

A t o m i c F r a c t i o n U 
in Cad 

0 .254 
0 .254 
0.254 
0.254 
0.82 
0.82 
0.82 
0.82 
1.23 
1.23 
1.23 
3.07 
3.07 
3.07 
3.07 

m i u m , N 

X 

X 

X 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

1 0 - ' 
I 0 - ' 
10-^ 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 

d s 

1.253 

1.259 
1.255 
1.250 
1.265 
1.255 
1.255 
1.255 
1.252 
1.259 
1.255 
1.255 
1.260 
1.259 
1.257 
1.2 52 
1.255 
1.249 
1.259 
1.2 59 
1.255 
1.259 

^ 1 

0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0 .195 
0 .195 
0 .195 
0 .195 

e 

480 
480 
540 
540 
480 
480 
540 
540 
480 
540 
540 
480 
480 
480 
480 
540 
600 
480 
540 
480 
480 
480 

(. 

AC 
g / c c 

0 .163 
0.163 
0 .163 
0 .163 
0 .153 
0 .153 
0 .153 
0 .153 
0.147 
0.147 
0.147 
0.117 
0 .117 
0.117 
0.117 
0 .070 
0 .070 
0 .070 
0 .025 
0 .025 
0 .025 
0 .025 

^s - ^ l ) / ^ s 

0.877 
0.877 
0 .877 
0 .877 
0 .877 
0.877 
0 .877 
0.877 
0.877 
0.877 
0.877 
0.762 

• 0.762 
0.762 
0 .762 

c, 
% of Cg 

2 .5 
2 .5 
2 .5 
2 .5 
8.1 
8.1 
8.1 
8.1 

12.2 
12.2 
12.2 

29 .9 
29 .9 
29 .9 
29 .9 
58 
58 
58 
85 
85 
85 
85 

100 

ki 

1.053 X 
4 .55 X 
1.315 X 
1.20 X 
0 .966 X 
0.949 X 
0.989 X 
0 .484 X 
1.449 X 
0 .693 X 
2 .30 X 
1.632 X 
2.31 X 
5.36 X 
0 .946 X 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

g / c c 

0 .004 
0 .004 
0 .004 
0 .004 
0 .014 
0 .014 
0 .014 
0 .014 
0 .020 
0 .020 
0 .020 
0 .050 
0 .050 
0 .050 
0 .050 
0 .097 
0 .097 
0 .097 
0 .142 
0 .142 
0 .142 
0.142 

N A . 

- ' 1. 
-* 0. 
- ' 2. 
- ' 1. 
- ' 1. 
- ' 1. 
• ' 1 . 

- ' 0. 
- ' 2. 
- ' 1. 
- ' 3 . 
- ' 1. 
- 3 , 

-' I'. - ' 1. 

715 
739 
15 
825 
475 
474 
511 
743 
13 
019 
38 
91 
71 
27 
110 

A C / C g 

0 .977 
0 .977 
0 .977 
0 .977 
0 .916 
0 .916 
0 .916 
0 .916 
0 .882 
0 .882 
0.882 
0 .703 
0 .703 
0 .703 
0 .703 
0.417 
0.417 
0.417 
0 .149 
0.149 
0.149 
0 .149 

F l u x 

X 10-* 
X 10-* 
X 10-* 
X 10"* 
X 10-* 
X 10-* 
X 10-* 
X 10"* 
X 10-* 
X 10"* 
X 10"* 
X 10-* 
X 10-* 
X 10"* 
X 10"* 
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TABLE XVII (Contd.) 

Run No. 

107 
108 
109 
130 
131 
132 
133 

Atomic 
in Cac 

5.91 
5.91 
5.91 
8.67 
8.67 
8.67 
8.67 

10.2 

Frac t ion U 
mium, N 

X 10 - ' 
X 10" ' 
X 10- ' 
X 10 - ' 
X 10- ' 
X 10 - ' 
X 10 - ' 
X 10 - ' 

2. P r i n c i p l e s and 

ai 

0.521 
0.521 
0.521 
0.748 
0.748 
0.748 
0.748 
0.813(a s) 

Defini t ion 
C o n c e n t r a t i o n Dr iv ing 

(ag - a j / a g 

0.361 
0.361 
0.361 
0.080 
0.080 
0.080 
0.080 

of Act iv i ty 
F o r c e 

5.47 
1.375 
4.84 
4.67 
6.06 
9.41 
3.87 

ki 

X 10- ' 
X 10 - ' 
X 10" ' 
X 10"' 
X 10- ' 
X 10- ' 
X 10- ' 

N A . 

3.83 
0.987 
3.39 
1.175 
1.515 
2.35 
0.966 

Dr iv ing F o r c e and 

Flux 

X 10-* 
X 10"* 
X 10'* 
X 10'* 
X 10'* 
X 10'* 
X 10"* 

The mass flux from the sphere was plotted in Fig. 29 versus 
the fraction of the maximum concentration driving force which was varied 

5 

NA X 10* 

4 

ACTIVltY CONCEMTRATION N| 

-m—<y 

CONCEMTf 
'33 T 
4X10* J 

ELE AND GEANKOPl^ENZOIC AC ID,22) 

a m 

• o 
• o 

URANIU*-CADMIUM 

^ ° 
I B 

IT'S" 

Fig. 29 

Mass Flux, N^, Versus 
Fraction of Maximum 
Concentration and Ac­
tivity Driving Force 

0 2 0 4 0.6 0.8 
ICs-C, )/Cs OR cas-«f)/«s 
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for the d i f fe ren t m a s s t r a n s f e r r u n s . The a c t u a l c o n c e n t r a t i o n d r i v i n g f o r c e 
for m a s s t r a n s f e r was v a r i e d by adding u r a n i u m to the m o l t e n c a d m i u m in 
d i f fe ren t m e a s u r e d a m o u n t s (by we igh t ) . The c o n c e n t r a t i o n d r i v i n g f o r c e 
was thus v a r i e d a s the add i t ion of the u r a n i u m changed the bulk s t r e a m c o n ­
c e n t r a t i o n of d i s s o l v e d u r a n i u m in c a d m i u m . Usua l ly the c o n c e n t r a t i o n in 
the c a d m i u m was about z e r o which a l l owed the m a x i m u m d r i v i n g f o r c e to be 
w r i t t e n a s 

A C ^ a x = ( C g - C , ) = ( C g - 0 ) = Cg. (10.16) 

Th i s was the m a x i m u m d r i v i n g f o r c e b a s e d upon c o n c e n t r a t i o n u n i t s . If Cj 
was g r e a t e r than z e r o , by adding u r a n i u m to the cadmiunn , the d r i v i n g fo rce 
was 

AC ( C g - C i ) 

The plot in F i g . 29 shows the m a s s flux, N ^ c a l c u l a t e d us ing e x p e r i m e n t a l 
da ta p lo t t ed v e r s u s the f r a c t i on of the m a x i m u m d r i v i n g f o r c e . The f r a c t i o n 
of the maxireium d r i v i n g fo rce us ing o r d i n a r y c o n c e n t r a t i o n un i t s was def ined 
a s the r a t i o of the o r d i n a r y c o n c e n t r a t i o n d r i v i n g f o r c e for the r u n AC to the 
m a x i m u m dr iv ing fo rce Cg a s in 10.17. F o r e x a m p l e , for 90% of s a t u r a t i o n , 

(Cg - O.IO Cg) 
X 100 = 90%. (10.18) 

'"s 

In o r d e r to s ee if us ing the ac t iv i ty da ta c h a n g e s the m a s s flux 
a t z e r o d r i v i n g f o r c e which was c a l c u l a t e d us ing the c o n c e n t r a t i o n d r i v i n g 
f o r c e and equa t ion 10.15, the m e a s u r e d m a s s flux was a l s o p lo t t ed v e r s u s 
the ac t i v i t y d r i v i n g f o r c e in F ig . 29. The ac t i v i t y d r i v i n g f o r c e was def ined 
in a m a n n e r s i m i l a r to the c o n c e n t r a t i o n d r i v i n g fo rce and was e x p r e s s e d a s 

w h e r e 

Aa = (ag - a J (10.19) 

Aa = ac t i v i t y d r iv ing f o r c e 

ag = ac t iv i ty a t the s a t u r a t e d cond i t ion 

and ai c o r r e s p o n d s to the ac t iv i ty of the u r a n i u m in the m o l t e n c a d m i u m 
u s e d for the spec i f ic m a s s t r a n s f e r r u n . The m a s s flux N ^ and the r a t i o 
of the ac t iv i ty d r i v i n g f o r c e to the m a x i m u m ac t i v i t y d r i v i n g f o r c e w a s a l s o 
p lo t t ed in F ig . 29. The ac t i v i t y v a l u e s in the above equa t ion m a y be r e p l a c e d 
by t h e i r r e l a t i o n s h i p to the c o n c e n t r a t i o n v a l u e s us ing the f u n d a m e n t a l def in i ­
t ion of a c t i v i t y in a t o m f r ac t i on un i t s 

a = 7 C . (10.20) 
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The activity of the liquid was taken from the actual experimentally mea­
sured values of activity versus concentration for uranium dissolved in 
cadmium as plotted in Fig. 28. This allows the activity driving force to 
be written as 

Aa = ( a g - a i ) = Cs7g - Ci7i. (10.21) 

The above equation may be rearranged to yield 

and the rat io of Aa/ag becomes 

Ci7i ' 
Cs^g 1 

, > C<;7„/ 
Aa/ag = ^ i - i i . (10.23) 

3. Discussion and Comparison of Mass Fluxes at Zero 
Driving Force 

The data in Fig. 29 show considerable scatter and it is not pos­
sible to draw definite lines for the two separate Reynolds numbers or for 
the concentration and activity lines. AH fluxes seem to be of the same order 
of magnitude regard less of the value of the fractional driving force. How­
ever, there is a slight trend that the N A decreases as the fractional AC de­
c reases but not as large a decrease as indicated by equation 10.15. It should 
be noted that the data for a Reynolds number of 6.4 x 10* are in the hump r e ­
gion (Fig. 18) and are in the steep portion of the slope. This is probably why 
the flux N ^ in Fig. 29 var ies over a 3-fold range and obscures the true trend 
in Fig. 29. 

It appears that at zero driving force a finite flux is obtained r e ­
gardless of the scatter of the data. This value of N ^ at zero driving force 
is approximately 1.5 x 10"*. It is apparent from Fig. 29 that using activities 
rather than concentrations for the driving force that a similar value of N ^ at 
zero driving force is obtained. 

Steele and Geankoplis^^ using benzoic acid (Fig. 29) also obtained 
a finite flux at zero driving force which was about l / lO the value given above. 
However, they^^ did not have activity data available. They state that the finite 
flux at zero driving force may resul t from physical attri t ion from the sphere 
due to the differences in dissolution and deposition ra tes of the solute from 
and to the sphere. Another interpretat ion could be that the crys ta ls deposited 
on the sphere surface would be less dense and would tend to grow at activated 
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si tes . Whereas, dissolution rates would depend upon other factors such as 
surface activation, itself a function of hardness , and lattice energy and the 
hydrodynamical conditions at the sphere. 

There are definite fluxes at zero driving forces whereas equa­
tions 10.14 and 10.15 indicate the flux should be zero at this condition. The 
probable reasons for the finite flux at zero driving force resul t mainly from 
physical phenomena which are not reflected by the fundamental equations 10.14 
and 10.15 used to calculate the flux from the sphere. These factors are pr i -
nnarily a result of hydrodynamical conditions which exist at the sphere under 
forced convection conditions. The hydrodynamical conditions of either lam­
inar or turbulent flow allow an exchange of energy and nnass to occur at the 
solid surface. This means true thermodynamic equilibrium is not reached 
at saturation. The flow in the wake of the sphere would by eddy motion attack 
the surface i r r egard less of the value of AC. However, radial diffusion exists 
with crystals isolated in saturated solutions by mass movement from the 
crysta l to the solution and from the solution to the crystal or other isolated 
a reas . The principle may be stated that mass is conserved for the entire 
uranium-cadmium solution in the loop including the walls of tanks, pipes, 
and vesse ls . The argument of the conservation of mass based upon individ­
ual flux ra tes from and to the uranium sphere is doubtful under the saturated 
condition of uranium in molten cadmium. This would be true under the con­
ditions of forced convection. 

The factors listed in Table I of Chapter III become very impor­
tant in highly turbulent flow in a high temperature system. These have been 
discussed elsewhere as to their probable action as a resul t of turbulence and 
dissolution. Turbulence exists in a forced convection system even though the 
driving force for mass transfer is zero. 

It was shown that neither the activity driving force, which should 
hold if true thermodynamic equilibrium existed, nor the physical attrition 
fronn the sphere, since uranium was harder than the organic solutes, could 
account for the finite fluxes at zero driving force. The reasons for the finite 
flux at zero driving force cannot, therefore, be attributed to these factors of 
activity nor hardness of solute. The other suggested source could result 
from the pitting and erosion at the sphere at the high velocit ies. However, it 
is doubtful if these mechanisms exist at the low velocities where the concen­
tration was varied at a Reynolds number of 733. It may be concluded that 
also other factors besides the ones mentioned by Steele and Geankoplis^^ or 
those discussed in this report may cause this finite mass flux at zero driving 
force. 
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XI. CONCLUSIONS 

A. General Summary of Results 

The original objectives of the mass t ransfer study in the uranium-
cadmium system were to determine the effects of such variables as veloc­
ity, tempera ture , and concentration driving force on the mass t ransfer of 
single, solid uranium spheres to the molten cadmium. The experimental 
program developed to the extent that the possibility of exploring other 
variables resulted as a consequence of the experimental techniques needed 
to obtain essential information from the test samples . For example, the 
techniques of wetting brought about the possibility of determining the effect 
of ul t rasonics on mass t ransfer in liquid meta ls . Fabrication techniques 
obtained in producing uranium spheres allowed the effects of surface area 
variation to be investigated. 

Generally, the main objectives of the study were accomplished as 
regards the effects of velocity and temperature on the mass transfer coef­
ficient. The variation of velocity over a large Reynolds number range 
(lO to 5x 10 ) allowed the correlat ions of the mass t ransfer data to be more 
accurately established than previously possible by using a high density 
solvent, i.e., a liquid metal . It was observed that the velocity effect upon 
mass t ransfer in liquid metals was similar to that found by previous inves­
t igators in other systems.' '*'^^ Other investigators did not investigate a 
sufficiently high enough Reynolds number range to obtain its effect on the 
mass t ransfer coefficient. Sufficient information was obtained by varying 
the tempera ture of the system to allow the exponent on the Schmidt number 
to be determined. The exponent on the Schmidt number was found to be 
approximately 0.60 instead of the conventionally used 0.666 in the Chilton-
Colburn Jjj factor equation. The value of 0.58 was chosen after the Gaffney 
and Drew correlation.^ However, most of the data were correlated with the 
0.666 exponent in order to test the Colburn analogy and draw conclusions 
of the comparison of liquid metal data with the data for other sys tems . 

B. Detailed Conclusions 

The analysis of the slopes of the J j versus Reynolds number lines 
yielded conclusive information for comparison of the mass t ransfer from 
uranium spheres to cadnnium with the mass t ransfer in aqueous and organic 
sys tems . The slopes of 0.35 to 0.6 for organics in the low Reynolds range 
less than 3 x lO' compared favorably with the slope of 0.575 for the uranium 
cadmium system. Most previous investigators found that the mass t ransfer 
coefficient varied with the Reynolds number to the 0.6 power in the laminar 
region. The increases in the slopes of the Jd or kj lines as the Reynolds 
number increased were also s imilar for the uranium-cadmium and the 
organic sys tems . The increase in the slopes as the Reynolds number in­
c r e a s e s may be interpreted to indicate the shift from laminar diffusion to 
turbulent diffusion. This is logical since the thickness of the laminar layer 
dec reases with the increase in the Reynolds number and turbulent flow with 
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some eddy penetration to the solid surface occurs . The slope of the JdVersus 
Reynolds number curve in the highest Reynolds number range above 10 
was not determined with any prec isness since the slope of the curve could 
be either flat or slightly negative. The order of magnitude of 1 for the 
exponent on Vg if the curve was flat compared favorably with the value of 
0.83 obtained by most i nves t iga to r s . " ' " ' * The effect of diameter of the 
various spheres showed little effect on the mass t ransfer coefficient for 
the 1/2 inch and 3/8 inch spheres . The Jd values for 3/8 inch and l /4 inch 
spheres were different but were within experimental e r r o r for the Jd cor­
relation of the 1/2 inch spheres . 

The variation of the concentration driving force for mass t ransfer 
indicated that there was a finite mass flux at zero driving force. Steele 
and Geankoplis^^ also found the same effect for benzoic acid. The activity 
driving force plot did not change the mass fluxes at zero driving force to 
any significant extent. These mass fluxes for the above connparison were 
calculated based upon actual experimental measurements of weight loss 
from the sphere. It was concluded that the reasons for the finite flux rates 
at zero driving force were the results of factors not measured and resulting 
fronn pitting and erosion, mechanical effects of the molten cadmiunn on the 
solid uranium under forced flow conditions, and absence of thermodynamic 
equilibrium at saturation. Steele and Geankoplis^^ attempted to explain the 
finite flux in te rms of differences in dissolution and crystal l izat ion at the 
solid surface. They did not attempt to determine the effect of activity 
driving force on the flux since the activity data were not available. Neither 
their work nor the present work gave conclusive evidence of the reasons 
for the finite flux rate at zero driving force. 

The effects of using chemically wetted spheres and physically 
wetted or ultrasonically wetted spheres were small . The Jd values for 
ultrasonically wet spheres were slightly lower than for chemically wet 
spheres but this difference was almost within the experimental e r r o r . 

The uranium that was heat treated yielded randomized orientations 
and relatively smaller grain s izes . The Jd values were 2 to 5 t imes higher 
at the same Reynolds number for the randomized spheres as opposed to the 
Jd for the nonrandomized spheres . The differences in Jd for the different 
types of spheres were attributed to the differences in dissolution for the 
different grain s t ructures brought about by the heat t reatment of the urani­
um. The smaller grains would offer more surface area . 

The variation of the temperature of the molten cadnnium changed 
the Schmidt number for molten cadmium by about 2 fold. This allowed the 
exponent to be determined on the Schmidt number for molten cadmium by 
a plot of l /ki /Vg versus the Schmidt number at a constant Reynolds num­
ber. The exponent was found to be 0.60 at a Reynolds number of 115 and 
0.58 at a Reynolds number of 735. This was in the order of magnitude of 
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the exponent suggested by Bonilla, ' 0.58 for liquid metal mass transfer in 
a packed bed of lead shot dissolving in mercury and also the value of 0.58 
obtained by Gaffney and Drew.^ 

The skin friction, f/2, for spheres in organic liquids from Reynolds 
numbers of 10^ to lO' and at a separate Reynolds number of 1.56 x 10^ was 
2 to 3 t imes greater than the Jd for uraniunn-cadnnium. However, the skin 
friction and Jd for spheres in organic systems seemed to show reasonable 
agreement. 

The roughened sphere provided very essential information for the 
qualitative comparison of the "tripping mechanism" to the early onset of 
turbulence and turbulent mass transfer . The greater value of Jd at a Reyn­
olds number of 8.8 x 10 showed that the increase of Jd in the region of the 
hump could result from a "tripping mechanism." The "tripping mechanism" 
for the originally smooth sphere would result from the occurrence of pitting, 
erosion, part ial dissolution, and the dissolution around inclusions in the 
surface of the solid. The "tripping" phenomena was explained in Chapter X 
of this report . 

The uranium-cadmium mass transfer study presented fundamental 
information as regards the nature of the mass transfer coefficient under 
forced convection conditions. P r io r to this work, the study of mass t r ans ­
fer had been limited for liquid metal sys tems. Most of the work which had 
been done was concerned with the heat transfer coefficient for liquid metals 
flowing over tubes, plates, or over tube banks for nuclear reactor applica­
tions. As mentioned ear l ier , corrosion and mass transfer create complex 
problems in the coolant paths of reactors and a knowledge of the mass 
transfer equations which are needed for design and of the mass transfer 
coefficient provides very essential information for design engineers and 
scientis ts . For example, the employment of conventional mass transfer 
equations for liquid metal systems was somewhat questionable since other 
investigators*^'*' had found that heat transfer equations had to be modified 
for liquid metals to account for the low Prandtl numbers (Npj. « l) 
encountered. 

The fundamental mass transfer data for the variation of the mass 
t ransfer coefficient with velocity from low to very high Reynolds numbers 
of 100 to 5 x lO' provided for the first time evidence that conventional mass 
equations could be used for liquid metal systems over a large Reynolds 
range. Using the uranium-cadmium system as a reference, the mass 
transfer data for other liquid metal systems may be estimated in this 
Reynolds number range. 
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XII. RECOMMENDATIONS FOR FURTHER WORK 

A. Introduction 

This chapter includes the possible areas of research which can be 
explored with the dynamic loop. The following major study areas shall 
be discussed; 

(1) the extension of mass t ransfer studies with the dynamic loop; 

(2) the possibilities of a separate heat, and a combined heat and 
mass transfer study. The essential ideas and probable variables which 
should be studied will be discussed. Further experimentation in the areas 
of mass and heat transfer with the uranium cadmium system would seem 
naturally appropriate for the next stage of experimentation since the exper­
imental equipnnent for the study should be available. 

B. The Extension of Mass Transfer Studies with the Dynamic Loop 

1. The Mass Transfer over Geometrical Arrays of Spheres 

A natural extension of the mass t ransfer from single solid 
uranium spheres to molten cadnnium would be to use c lus ters of spheres 
for the test sample. Most probably 3/8 inch and l /4 inch spheres could be 
assembled on a mounting rod resembling tr iangular , cubical or rectangular, 
and cylindrical or recti l inear geometry. The tr iangular geometry could be 
arranged in two separate planes for test runs and would involve three or 
more spheres. The cubical a r r ay could be assembled from 4 spheres and 
mounted similar to the triangular a r ray . The cylindrical a r r ay could be 
placed longitudinal with the flow with two or more spheres positioned im­
mediately behind each other, or the position might be changed to crossflow 
with the a r ray set crossways to the flowing metal . 

The average Jd for each a r ray could be correlated versus the 
Reynolds number. A separate parametr ic curve could resul t for each geo­
metr ical a r ray . Other qualitative observations could be nnade with the 
effects of fluid flow on the test sannples being investigated. Fur thermore , 
local mass transfer coefficients could be taken over each sphere of the 
ar ray; this might provide some insight into the mechanisms of pitting and 
erosion. Other variables might include the pitch between spheres and the 
difference between the local coefficients for different diameter spheres . 
Other variables might include the variation of uranium concentration in the 
cadmium and temperature of the system. The time of the experiment would 
have to be limited since the uranium would dissolve rapidly in the cadmium 
at the high flow ra tes . 
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2. The Mass Transfer over Cylinders and Plates for Liquid 
Metal Systems 

Some work has been conducted in heat t ransfer for molten metals 
flowing over tubes and tube banks. It would be advantageous to investigate 
the mass t ransfer from single uranium cylinders as well as geometrical 
a r r ays of cylinders to flowing cadmium s t r eams . The cylinders could be 
positioned crossways and longitudinal to the flowing cadmium as before. 
The data could be taken and treated as described above. 

Pla tes provide an interesting geometry for a mass t ransfer 
study since they afford the possibility of a boundary layer study as regards 
mass t ransfer in liquid meta ls . The study of a laminar boundary layer had 
received considerable attention in aqueous and organic sys tems. Little 
work has been done for the mass transfer boundary layer in laminar flow 
for liquid meta ls . The experimental equipment, however, provides a nneans 
of investigating highly turbulent flow and the turbulent boundary layer. In 
laminar flow or turbulent flow, the universal velocity profile of Nikuradse 
could be assumed to apply as well as the conventional equations of motion 
derived for a flat plate. For turbulent flow with the uranium-cadmium 
system there is the further possibility with plates that the effect of high 
mass fluxes on the mass t ransfer coefficient could be detected. A study 
with plates would be theoretical and might include measurennents of the 
velocity profile in the dynamic loop and over the plate. This experimental 
profile could be compared with the profiles calculated from solving the 
boundary layer equations over the plate. Such a study might show the 
s imilar i ty or the differences between theoretical predictions and experi­
mental measurements for liquid metal systems. This might enable engi­
neers to predict data for other liquid metal sys tems. 

3. Liquid Metal Mass Transfer in a Packed Bed 

a. Packed Bed of Spheres 

The mass t ransfer from a packed bed of 3/8 inch and 
1/4 inch uranium spheres or cylinders could provide pract ical information 
for engineers. The semi-empir ica l equations could again be applied to 
corre la te the data. The Colburn equation for a packed bed of metal spheres 
could be modified to account for bed porosity and tested to determine the 
value of the exponent on the Schmidt number. The variables to be studied 
would include m a s s flux, bed length, geometry of packing, tempera ture of 
the system, and velocity of the molten cadmium, and p re s su re drop ac ross 
the bed. The mass flux could be corre la ted as a function of the Reynolds 
numbers for each condition listed above. The p re s su re drop could be de ter ­
mined experinnentally over packed beds of spheres which would not dissolve 
in the molten metal for each of the variables listed such as packing, diam­
eter of pellet in the bed. The p r e s su re drop obtainedunder these conditions 
could be compared with the p r e s su re drop from beds of dissolving spheres . 



106 

b . F r e q u e n c y R e s p o n s e M e a s u r e m e n t s in P a c k e d B e d s 

The effects of d i s t u r b i n g the c o n c e n t r a t i o n p ro f i l e of the 
flowing m e t a l e n t e r i n g the bed to tha t l eav ing the bed by the m i x i n g ef fec ts 
in the bed could be i n v e s t i g a t e d . The equa t i ons of con t inu i ty and m o t i o n 
could be f o r m u l a t e d to a c c o u n t for the p e r c e n t a g e vo ids in the bed, wi th the 
i n t r o d u c t i o n of a m i x i n g diffusion coef f ic ien t Dj . The effects of v e l o c i t y and 
p r e s s u r e d r o p in the bed upon Dj could be d e t e r m i n e d . A r a d i o a c t i v e t r a c e r 
could be u s e d to d e t e c t the so lu te c o n c e n t r a t i o n in the flowing m e t a l . A 
count r a t e m e t e r could be e m p l o y e d at the in le t and exi t o r m o v e d a long the 
long i tud ina l ax i s of the bed to m e a s u r e the c o n c e n t r a t i o n p r o f i l e . 

C. P r o p o s e d R e c o m m e n d a t i o n s B a s e d upon Th i s Study 

1. I n t e r f a c e Study of C o n c e n t r a t i o n P r o f i l e 

An i m p o r t a n t c o n t r i b u t i o n could be m a d e to the m a s s t r a n s f e r 
t h e o r y if the c o n c e n t r a t i o n p ro f i l e could be ob ta ined in the i m m e d i a t e v ic in i ty 
of the so l id u r a n i u m - c a d m i u m i n t e r f a c e . Us ing a r e s e a r c h tool such as the 
e l e c t r o n m i c r o p r o b e a n a l y z e r , the point c o n c e n t r a t i o n v a l u e s of the c a d m i u m 
which had diffused in and a long the ind iv idua l g r a i n b o u n d a r i e s at the i n t e r ­
face could be ob ta ined . The p o s s i b i l i t i e s of c h e m i c a l r e a c t i o n s b e t w e e n 
so lu te and so lven t for any g e n e r a l s y s t e m could be e s t a b l i s h e d by a s i m i l a r 
i n v e s t i g a t i o n . The loca l or point c o n c e n t r a t i o n v a l u e s could be c o m p a r e d 
wi th the r e p o r t e d e q u i l i b r i u m v a l u e s of the p h a s e d i a g r a m to s e e if t r u e 
t h e r m o d y n a m i c e q u i l i b r i u m w a s a p p r o a c h e d . 

2. Study of Indiv idual M a s s F l u x e s f rom and to the S p h e r e 

It was a s s u m e d b a s e d upon th is s tudy that n e i t h e r the ac t i v i t y 
da ta no r p h y s i c a l a t t r i t i o n could accoun t for the f ini te flux at z e r o d r i v i n g 
f o r c e . H o w e v e r , an i n v e s t i g a t i o n was not m a d e of the ind iv idua l f luxes 
f r o m and to the s p h e r e . The flux r a t e m a y be c o n s i d e r e d a s c o m p o s e d of 
the d i f f e r ence be tween the ind iv idua l flux which dif fuses f r o m the so l id 
s u r f a c e and that which r e t u r n s to the s u r f a c e . 

It is r e c o m m e n d e d tha t the ind iv idua l f luxes be s tud ied in a s i m ­
i l a r m a s s t r a n s f e r e x p e r i m e n t u n d e r flowing cond i t ions r e t a i n i n g s i m i l a r 
g e o m e t r y and b o u n d a r y cond i t i ons . In such a s tudy employ ing l iquid m e t a l s , 
the ind iv idua l f luxes would be ob ta ined us ing a r a d i o a c t i v e t r a c e r to i s o l a t e 
the one of the two f luxes . R a d i o a c t i v e u r a n i u m could be added to the c a d m i ­
u m and the a n a l y s i s of the n o r m a l u r a n i u m s p h e r e a f te r a m a s s t r a n s f e r run 
would ind i ca t e a r e v e r s e flux. C o n v e r s e l y , if d e s i r e d the u r a n i u m s p h e r e 
could be m a d e r a d i o a c t i v e and the c a d m i u m a n a l y z e d for t h i s . 

T h i s would he lp d e t e r m i n e if the ind iv idua l flux r a t e s a r e dif­
f e r e n t and a l s o the i r va lue at z e r o d r i v i n g f o r c e . At z e r o d r i v i n g f o r c e , the 
ind iv idua l d i f f e r e n c e s could be c o m p a r e d wi th the e x t r a p o l a t e d v a l u e s of 
S t ee l e and Geankopl is^^ and t hose of th i s w o r k . 
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XV. APPENDIX: EQUIPMENT FOR MASS TRANSFER STUDY 
OF URANIUM IN MOLTEN CADMIUM 

A. Equipment Requirements 

The major equipment requirements were (l) the achievement of 
sufficient velocities of cadmiunn to enable investigations of mass t ransfer 
rates at Reynolds numbers of 100 to 100,000, (2) the production of a typical 
flow pattern past a sphere, and (3) the ability to change operating tempera­
tures sufficiently to effect as large a change as pract ical in the Schmidt 
number. Because this was an extension of other work by Geankoplis and 
Stee le ," the diameter of the sphere for this mass t ransfer study was made 
the sanne as in their work, i.e., one-half inch. The 1,5 inch ID pipe used by 
Geankoplis and Steele was also employed in this study, thus keeping the same 
geometry. This enables direct comparison of the experimental resul ts of 
the two systems which have widely different physical proper t ies . 

The design of specific loop components evolved from technical and 
practical considerations of the above requirements . The choice of the 
specific system, i.e., uranium-cadnniunn, the extension of Reynolds numbers 
to a magnitude of 10^, and the experimental study which was to be conducted 
in the vicinity of 500°C helped firm up the general process design stipula­
tions such as the following: 

a, motor and drive assembly for pumping cadmium at high flow 
rates ; 

b. detection device or system to determine the velocity of the 
molten cadmium; 

c. design of significant length to overcome hydrodynamic entrance 
effects; 

d, choice and location of heating circuits for the dynamic loop; 

e, size and general location of tanks, loop conduit, and sampling 
system; and 

f. sufficient instrumentation to facilitate necessary operation and 
to conduct precise experimentation for the objectives of the 
mass t ransfer study including: 
(1) valves for penumatic and liquid operation, 
(2) thermocouples, 
(3) heating units, control lers and var iacs , 
(4) liquid level instrumentation, 
(5) temperature and flow reco rde r s , 
(6) vacuum and inert gas instrumentation. 
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B, O v e r a l l F u n c t i o n of Loop and P r o c e s s D e s c r i p t i o n 

A s c h e m a t i c d i a g r a m of the d y n a m i c loop for m a s s t r a n s f e r s t u d i e s 
i s shown in F i g , 2 of C h a p t e r V, and a p h o t o g r a p h of the b a r e u n i n s u l a t e d 
loop in F i g . 30. C l e a r l y shown in both the p h o t o g r a p h and l ine d r a w i n g a r e 
the l oca t i on of the m a j o r c o m p o n e n t s : ( l ) the loop p r o p e r , (2) p u m p and i t s 
r e s e r v o i r t ank , (3) c h a r g e tank , and (4) the r e s e r v o i r or s u r g e v e s s e l . 
A n o t h e r m a j o r c o m p o n e n t , the s a m p l e p o r t or s a m p l e i n t r o d u c t i o n and 
wi thdra 'wa l m e c h a n i s m cannot be s e e n in th i s p h o t o g r a p h . 

108-5061 
Fig. 30. Dynamic Loop for Mass Transfer Studies near Completion 

F i g u r e 31 i s a d e t a i l e d s c h e m a t i c layout of the loop and i t s a u x i l i a r y 
c o m p o n e n t s . A d e s c r i p t i o n of the m a j o r c o m p o n e n t s and t he i r funct ions in 
the loof) s y s t e m a r e a s fo l lows: 

L o o p - - 1 . 5 - i n c h , Schedule 80 SS-304 p ipe which funct ions a s a 
condui t for the m o l t e n c a d m i u m ; 

P u m p - - 5 H P m e c h a n i c a l p u m p of the c e n t r i f u g a l type m a n u ­
f a c t u r e d by the R u t h m a n M a c h i n e r y Co, which was v e r t i c a l l y 
m o u n t e d in the pump r e s e r v o i r ; 



114 

3) P u m p t a n k - - a l 6 - i n c h d i a m e t e r SS 304 tank for hous ing the 
punnp and con ta in ing an a d e q u a t e supply of cadnnium for m a i n ­
t e n a n c e of the r e q u i r e d f lows; 

4) Surge r e s e r v o i r - - a 6 - i nch SS tank for r e c e i v i n g the d i s c h a r g i n g 
c a d m i u m and for p rov id ing an adequa te v o l u m e for gas d i s e n -
gagennent be fo re r e t u r n of the c a d m i u m to the p u m p tank; 

5) Samp le p o r t - - a pipe a t t a c h e d to the r e s e r v o i r t ank for i n s e r t i o n 
and rennoval of u r a n i u m s p h e r e s ; 

6) C h a r g e t a n k - - a 5Z- l i t e r tank for c h a r g i n g m o l t e n cadnnium by 
p r e s s u r e into the exper innen ta l s y s t e m and into which the con ­
t en t s of the s y s t e m could be d r a i n e d ; and 

7) Aux i l i a ry i t e m s - - h e a t e r c i r c u i t s , a r g o n gas b lanke t ing and 
v a c u u m s y s t e r a s , and t h e r m o c o u p l e l o c a t i o n s . 

U SAMPLE PORT 

SAMPLE ROO 

SAMPL£ PORT FOR Cd STREAM 

BALL VALVE 

METAL O'RHG SEAL 

HIGH a UOW LEVEL PROBES 

SAFETY REUEF 
VAiVE 

TC - TWERMOOOUPLE 1-12 PANEL BOARD NO I 
RH -RESISTANCE HEATING CIRCUITS l -K) POWERSTAT 

PAW:L BOARD i,3,a4 
P - STATIC PRESSURE ORIFICE TAPS -PANEL BOARD NO 5 

APR -ARGON PRESSURE REGULATORS 
H - CERAMIC HEATING ELEMENTS FOR ORIRCE (RADIUS TAP 

PRESSURE INSTRUMENTS B DIAPHRAGMS) 
EM - E M FU3WMETER PANEL BOARD NO I 

V - VALVES 1-15 

Fig . 31 . I s o m e t r i c Drawing of Dynamic Loop 
for M a s s T r a n s f e r S tudies 
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The loop was connected to the rese rvo i r tank and pump tank. Cadmium was 
pumped from the pump tank through the loop and was returned to the punnp 
tank by a 4-inch pipe which completed the connection between the two tanks. 
The motor drive assembly was separately mounted on a mounting plate 
supported by braces which extended to the solid concrete floor of the lab­
oratory area . 

Solid cadmium ingots were initially loaded in the charging vessel 
through its top flange. The cadmium was then melted by using heating 
circui ts RH-8, RH-9, and RH-10, which were all rated at 6.5 kW capacity. 
The molten cadmiunn in the charging tank was then forced upwards through 
a t ransfer line into the surge rese rvo i r by high p ressu re argon through 
valves V- 11, V- 12 and valves V- 13 or V- 14 depending upon which cylinder 
was used for this operation. The other cylinder which was not used for 
this operation was a sphere and allowed the cylinder charging procedure 
to occur without shutdown or without dumping the molten cadmium from the 
experimental system into the charging tank. 

C. Discussion of Equipment and Service Requirements 

In this section the discussion will include (l) the problems involved 
in the design of the dynamic loop, (2) major process i tems and loop com­
ponents, (3) purchased equipment for the loop, (4) installation modifications, 
(5) and the instrumentation required for successful operation. 

1. Prob lems Involved in Design of Dynamic Loop and P roces s 
Stipulations 

a. Selection of Materials of Construction for Cadmium 

A prinnary concern in considering a design of any con­
tainer system involves the selection of mater ia l s of construction which will 
endure and r e s i s t corrosion attack, normal thermal cycling, and ease of 
fabrication. 

Mild and 400 steels a re not corroded significantly by cad­
mium up to 600°C,** Type 300 ser ies s tainless steels also offer good cor­
rosion res is tance , but leaching of nickel is possible from the 300 ser ies 
s teels . However, P ie rce and Adams^"'" found that nickel leaching was 
nil up to t empera tures of 600°C. It is necessa ry to use a stainless steel to 
avoid air oxidation to the exterior of the equipment at about 600°C, There ­
fore, Type 304 was chosen as the container mate r ia l for the nnolten cadmium. 
All component par t s such as the baffles and impeller drive assembly, o r i ­
fice plates , metall ic "O" rings for vapor seals at the flanges and ball valves 
were constructed of SS 304. Whenever welds were necessary , low carbon 
content welding rods of stainless 304 were used. 
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b. Special Seals for High Temperature Operation 

Because of the high tennperatures involved in this study, 
it was necessary to design the sealing flanges so that the molten cadmium 
and its vapors could be retained within the loop with essentially no leakage 
to the environment. Also, the sealing flanges had to be designed so as to 
withstand the system pressure at the operating tempera tures . Metallic 
"O" rings fabricated from stainless steel 304 were used at all flanges ex­
posed to molten cadmium. The vapor seal at the charging vessel was cr i t ­
ical since the p re s su res used in charging the molten cadmium into the 
system were of the magnitude of 50 psig. This, too, was a stainless steel 
"O" ring, but extra precautions were taken in order to insure obtaining a 
leak-tight joint, Neoprene "O" rings were used in flanges which were at 
ambient or near ambient t empera tures . 

Because cadmium generally does not wet stainless steel, 
the opening of flanges could be accomplished with little difficulty. Wetting 
of stainless steel 304 with cadmium vapors presented no major problems, 

2. Major Process Equipment Items 

a. Charging Vessel 

It was necessary to provide a means of charging molten 
cadmium to the experimental portion of the loop from a vessel in which 
solid cadmium ingots ^vere initially nnelted. A decision to place the charg­
ing vessel at the lowest point of the experimental system allowed this vessel 
to function in a dual manner. It could be used for the initial charging opera­
tion and secondly, it served as a dump tank. In the event of an ennergency 
situation in the loop above the charging vessel , the bellows sealed globe 
valve in the proper t ransfer line could be opened; this allowed the molten 
cadmium to drain to its initial position in the charging vessel . In the exper­
imental stages of the program the bel lows-seal globe valve failed. It was 
replaced by a section of straight pipe which was water-cooled such that it 
functioned as a freeze valve. On melting the contents of the freeze valve, 
the loop could be dumped, as before through the bellows valve, into the sump 
tank. This freeze valve functioned very satisfactorily throughout the dura­
tion of the work. It proved more reliable than the bellows valve, but had 
the disadvantage that the loop could not be dumped as quickly as through 
the bellows valve because of the delay occasioned by the necessity of 
melting the contents. 

Design considerations included the following: (1) placing 
the charging vessel on cas te rs to allow for thermal expansion in the transfer 
lines, (2) the design of a special flange and seal to allow for high p ressu re 
argon used in the charging operation at the charge tank, and (3) the intro­
duction of a liquid metal level probe through the sealing flange to allow 
measurements of liquid level to be taken. These may be seen in Figs, 32, 
34, and 41. 
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X 

A CHARGING VALVES, PANEL BOARD NO.2 

B CHARGING INLET-HIGH PRESSURE ARGON 

C MOLTEN CADMIUM ENTERS TRANSFER LINE 

D TRANSFER LINE FOR CHARGING MOLTEN CADMIUM 

E MOLTEN CADMIUM ENTERS EXPERIMENTAL SYSTEM 

F LOOP PIPE 

G TRANSFER LINE FOR DUMPING 

ARGON CYLINDER 

/ -^MOLTEN CADMIUM 
^CHARGING TANK 

Fig. 32. Charging Process for Molten Cadmium 

The charging vessel was designed using the well-known 
principle of operation of the acid-egg punnp and is shown in Fig. 32. High 
p ressu re argon was allowed to flow through an argon pressure regulator 
into the charge tank. The high argon p ressu re forced nnolten cadmium 
up'wards through the charging transfer line into the receiver tank as shown. 
The high p re s su re flange was designed according to conventional ASME 
boiler code and a stainless steel 304 metallic "O" ring was used for the 
seal at the flange. By operating valves at the panelboard, gas is allowed to 
enter at B and molten cadmium leaves at C flowing through the transfer line 
at D and finally exits at E. During charging (refer to Fig, 30) the bellows-
sealed glove valve, V-2 (a freeze valve as described above) and vent valve 
V-5 were closed. Conversely, the dumping operation (refer to Fig. 31) 
consisted of opening V-2 and the vent valve at V-5 to allow for p ressu re 
equalization in the entire loop. 

b. Pump Tank 

The pump tank was fabricated to contain a 5 HP molten 
metal pump. This tank was rigidly fastened to the dynamic loop frame by 
bolting through a flanged plate which had been welded to the pump reservoi r . 
This welded plate was 3/4 inch thick and in addition to providing support 
for the pump served as a heat transfer sink. The plate helped in conducting 
and radiating excessive heat that might be accumulated close to the pump 
shaft seal and bearings since some conduction along the walls of the pump 
tank and the shaft of the pump could not be avoided. 
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The sealing flange for the pump vessel also received close 
attention and was designed for water cooling by placing cooling coils around 
the flange since a neoprene "O" ring was used at this location which could 
not stand a temperature of 500°C. Metallic "O" rings were not used on 
this flange since the excessive weight of the pump which rested on the 
sealing flange caused mechanical rupture of the metal "O" ring upon 
mounting and seating of the flange. 

Several vert ical baffles (Fig. 33) were installed in the pump 
tank to brc.nk up vortices that fornned during pumping. The vert ical baffles 

a re supported and held by support 
rods and a ring which was attached 
to the main pump assembly. 

>Hi c Loop Proper with Hori-
zontal Test Section and 
Orifice Plates 

The loop pipe (Fig. 30) 
was fabricated from SS 304 of 1.5 inch 
inside diameter . Schedule No. 80 pipe. 
The lower horizontal leg of the loop 
pipe contained bolting flanges with 
metal O-ring seals . One flange bolted 
to the exit of the pump tank. It was 
positioned concentrically around a 
sleeve insert that screwed into the 
pump discharge housing. The other 
flange served the purpose of posi­
tioning a square edge orifice plate 
for the measurement of flow rates 
of the molten cadmium. The loop 
conduit was doweled smooth for 
5 diameters upstream from the up­
s t ream radius p ressure tap at one 
side of the orifice, and also 2.5 diam­
eters downstream from the orifice 
plate. 

A radius bend through 
180° directed the loop towards the 
reservoi r tank into which the pumped 
cadmium discharges. Both lower 
and upper horizontal legs of the loop 
conduit were constructed 1-2 degrees 

from the horizontal to allow for proper draining upon dumping the molten 
cadmium. The upper horizontal leg was long enough to allow fully developed 

108-4947 

Fig, 33, Baffle Plates for Molten 
Metal Pump 
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flow, for about 7 feet. Immersion thermocouples were placed upst ream of 
this specified distance and downstream of the test sample so that flow pat­
te rns remain undisturbed. The upper horizontal leg of the loop also con­
stituted the experimental test section. 

d. Reservoir or Surge Tank 

The upper horizontal leg of the loop conduit was connected 
to a r e se rvo i r tank which provided surge volume for the pump tank as well 
as a separation zone for entrapped argon gas prior to entering the pump 
tank. Also, the reservoi r tank was designed with a sampling port to allow 
samples to be inserted into the system and removed rapidly while prohib­
iting large amounts of oxygen from entering the system. 

e. Sample Por t and Reservoir Tank 

The sample port and reservoi r tank may be seen in Fig. 34. 
Samples were introduced into the system by utilizing a sampling rod which 
slides through the ball valve at G upon insertion of uranium spheres . There 
was a quick disconnect high vacuum coupling at J with an "O" ring seal at 
the flange. The flange was bolted and the sannple rod held by clamps attached 

A-URANIUN SPHERE 
B-THERMOCOUPLE 
C-SPIDER SUPPORT ROD 
D-FLANGE AND METALUC 

O-RING SEAL 
E-NEOPRENE O-RING SEAL 
F - BALL VALVE HANDLE 
G-BALL VALVE, V - l 
H-COOUNG COILS 
I - SAMPLE PORT FLANGE 

a SAMPLE ROD CLAMPS 
J - HIGH VACUUM QUICK 

DISCONNECT COUPLING 

feuuJ 
K-SAMPLE PORT GAS LINES 
L-RESERVOIR TANK 
M-MOLTEN CADMIUM 
N-BAFFLES FOR VORTEX 

BREAK-UP 
0-DETAIL OF BAFFLE 
P-SAMPLE ROD 

BAFFLED FLOW 
AT DISCHARGE 

Fig. 34. Detail of Sample Por t at Reservoir Tank 
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to the flange. The procedure for inserting and removing samples shall be 
discussed below: 

The sample port was designed to allow uranium samples 
to be positioned in the experimental portion of the horizontal leg of the loop 
pipe. A ball valve (G, Fig. 34) was designed to allow uraniunn spheres to 
enter an inert atmosphere prior to injection into the high-temperature , 
experimental system. In order to insure that the upper horizontal leg of 
the loop pipe would remain completely filled with molten cadmium at the 
lowest pumping ra tes , a baffle was designed and placed at the end of the 
loop pipe as shown at section A-A, Fig. 34. Cooling coils (H, Fig. 34) were 
provided so that upon the completion of a mass transfer run when the ura­
nium sphere was placed in this area , the cadmium film intact on the solid 
uranium surface could be rapidly solidified. This was accomplished by 
pulling the sample rod and uranium sphere through the high vacuum cou­
pling ( j . Fig, 34) until the uranium sphere was between the ball valve G 
and the flange at I. With the uranium sphere positioned in the cold zone 
between G and I, of Fig, 34, the high temperature , experimental system 
could be sealed from the cold zone by closing this valve, 

A sample rod used for inserting and rennoving uranium 
test spheres was designed to mate the baffle (section A-A of Fig. 34). A 
support rod for the sphere and a spider support rod was threaded to the 
sample rod for the mass transfer run. The uraniunn sphere, sphere support 
rod, and spider support rod may be seen in Fig. 35, The spider support 
rod served the purpose of centering the uranium sphere in the upper hori­
zontal pipe of the loop during a run. Four spiders in the form of an arc 
were welded to the rod at 90° such that the maximum distance between 
diametrically opposing arcs was 1 to 2 thousandths greater than the inside 
diameter of the loop pipe. 

108-4229 

Fig, 35, Uranium Sphere, Support Rod, 
and Spider Assembly 



121 

f. Orifice Pla tes 

Orifice plates with hole diameters of l /4 , l / 2 , 3/4, I, and 
1-|- inches were fabricated from stainless steel "O" rings by p res s fitting 
(through the application of heat), the orifice plate into a small recess cut 
into a metal oval. These orifice plates were placed in position by bolting 
mating flanges of the lower leg of the loop conduit which were grooved for 
the "O" ring. This was a metal (flange) to metal (oval and orifice) seal. 
The orifice and orifice plates were designed to conform to conventional 
recommendations ^ and a check of the orifice plates after 6 months of con­
tinuous service showed very little wear or abrasion. The orifice plate 
acted as a res t r ic t ion to the flow of the molten cadmium and produced a 
p re s su re drop proportional to the square of the flow rate . In order to obtain 
p r e s su re drop measurements across the orifice, volumetric p ressu re indi­
cators and a differential p re s su re meter were purchased. Referring to 
Fig. 36 the p r e s su re signals are transmitted from the cadmium system 
analogous to the cylinder through a stainless steel diaphragm to NaK which 
is a liquid at room tempera ture . The NaK actuates a pneumatically oper­
ated p r e s su re sensing mechanism which is balanced against a 20 psi 
pressure- regula ted air supply. The two output signals from the two p r e s ­
sure t ransmi t te r s were fed into a differential p ressu re meter which was 
calibrated to read the correc t p ressure drop across the orifice plate in 
psi. Only one NaK pres su re t ransmit ter is shown in Fig. 36. 

HIGH PRESSURE 

• ( A P R ) -
0 

LOW PRESSURE 
( 0 - 5 0 PSl) 

ARGON CYLINDER 

1 AIR SUPPLY 1 

1 
AIR FILTER 

1 
AIR REGULATOR 

TO RECEIVER 

(3-15 PSI) 

A. STANDARD TEST GAGE 
B. VOLUMETRIC PRESSURE TRANSMITTER 

C. NoK FILLED 

D. CELL 

E. DIAPHRAGM 

Fig. 36. NaK P r e s s u r e Sensing Apparatus 
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Because of operating difficulties, the diaphragm in the 
volumetric cells failed, and an al ternate p r e s su re measuring system had 
to be installed. 

In the alternate system, conventional p re s su re gauges were 
employed to measure the p r e s su re s at the orifice tops. Small cadmium 
dash pots (or volumetric cells) prevented cadmium from rising into gas-
filled capillary tubing ( l /8- inch OD) connected to the pneumatic p r e s su re 
gauges. Because it was necessary to obtain the absolute p re s su re on either 
side of the orifice plate each gauge was calibrated in position in t e rms of 
a third p ressu re gauge. Absolute p r e s su re differentials were then obtained 
by converting actual measurements to those of the reference gauge and 
taking the difference. 

g. Electromagnetic Flowmeter 

An electromagnetic flowmeter was initially employed to 
determine the velocity of the molten cadmium. The flowmeter was mounted 
on the lower leg of the loop conduit and the emf was taken from electrodes 
in the vertical plane while the magnetic field of the magnet was in the hori­
zontal plane. The generated emf which was proportional to velocity was 
recorded on a chart recorder . Thermocouples were located on the magnet 
of the flowmeter to record temperature so that correct ions could be applied 
to calibration curves. Using the p ressu re drop data across the orifice plate 
and the velocities obtained from the p ressu re data, by a calculation the 
electromagnetic flowmeter could be calibrated. In principle, once the flow­
meter calibration was known over some range of velocities, the emf versus 
velocity calibration curve could be extrapolated to other ranges. These 
calibration curves remained constant over extended periods of time since 
the orifice plates were not eroded to a large extent. 

Because of the formation of an oxide film on the inside 
diameter of the loop pipe in final stages of the experimental program, con­
sistent, steady t ransmission of the generated emf presented some difficulty. 
Due to this problem, the use of an em flownneter during the final calibration 
procedure was discontinued and the rpnn which was taken directly from the 
shaft of the molten metal pump was used for alternative velocity measure ­
ments. The velocities as described previously were independently deter ­
mined by calculations utilizing the p re s su re drops across a standard 
square-edge orifice. 

3. Purchased Equipment for Dynamic Loop 

a. Motor Drive Assembly 

A Reeves varispeed meter rated at 440 volt, 3 phase, 
5 hp and with a speed reduction of 8 to 1 was purchased to drive the nnolten 
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metal pump. The motor drive assembly was located on a mounting plate 
supported separately from the experimental equipment. Angle iron supports 
held the mounting plate and these were bolted to the 30-inch-thick concrete 
floor. It was found that using 3 different diameters of multiduty sheaves, 
coupled with the 8 to I speed reduction of the varispeed motor that the 

entire velocity range could 
be covered in the study. It 
•was necessary, however, to 
throttle the pump at low veloc­
it ies. A vibration reduction 
study is discussed for the 
motor drive assembly in 
Experimental Procedures . 

^ 

A-R.P.RKTECTOR 
B - WATER IN 
C-BEARING 
0 - MULTI-GROOVE SHEAVE 
E - UPPER PACKING GLAND 
F - ARGON FOR SHAFT SEAL 
G-BEARING 
H-FLANGE 
J - U3WER PACKING GLAND 
K - SHAFT TO IMPELLER 
L - PUWP TANK 
H - SPRING 

b. Molten Metal 
Pump 

Fig. 37. Diagram of Water Cooled Shaft 
and High Temperature Vapor 
Seals 

A Ruthman Gusher 
molten metal pump was pur­
chased and rated at 1750 rpm 
at 80 gpm capacity. This pump 
was a mechanical, centrifugal 
type and was mounted ver t i ­
cally into the pump tank. 
Discharge from the pump was 
from the side of the impeller 
housing while suction into the 
impeller occurred fronn above 
and below the impeller housing. 
AH parts of the pump which 
were exposed to the molten 
cadmium were fabricated from 
stainless steel 304. The lower 
bearing of the molten metal 
pump was cooled since the 
shaft of the pump was water 
cooled for this purpose. A 
schematic diagram of the 
water cooled shaft is shown 
in Fig. 37. 

As indicated 
previously, the rpm of the 
molten metal pump was de­
termined by using a tachom­
eter which could be positioned 
on an extension to the shaft of 
the pump. 
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c Resistance Heating Cable 

Resistance heating wire with Nichrome leads was purchased 
to supply the heat to the experimental equipment. This cable consists of 
the conducting wire which makes a turn at the closed end of the cable and 
the lead wires which both protrude at one end of the cable. The conducting 
wire is enclosed in a stainless steel 304 sheath and is packed with MgO 
powder to provide sufficient dielectric for the voltage across the wi res . 
The heating cable was wrapped around the experinnental equipment in the 
form of a helix on a 2-inch pitch while stainless steel staples were spot 
welded over the cable to attach it to the surfaces. An outline of the various 
heater circuits is shown in Fig. 38. By employing 9 separate heating cir­
cuits and powerstat variable t ransformers , sufficient watts density could 
be supplied to the heating surfaces to keep the experimental equipment at 
steady-state temperature within ±10°C for extended periods of time. 

HEATER NO. 

RH-1,2.3 

RH-4 

RHS.S 

RH-7 

RH-e ,9 , IO 

RATING 

2.6 KW 

4 . 0 KW 
6,5 KW 

4 0 KW 
6 5 KW 

EACH 

EACH 

EACH 

EACH 
EACH 

Fig. 38. Outline of Heating Circuits for Dynamic Loop 

d. Ball Valves for Sampling Por ts 

Two ball valves were purchased. The ball valve, V - l , 
employed at the sample port was 3 inches in diameter with Teflon packing 
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a s shown in F i g . 34 a t G. L o c a t i o n of t h i s va lve at the s a m p l e p o r t a l lowed 
the high t e m p e r a t u r e s y s t e m to be i s o l a t e d f rom the a t m o s p h e r e when i n ­
s e r t i n g o r r e m o v i n g s p h e r e s . The va lve , V - 8 , F ig , 31 , was 3/4 inch in 
d i a m e t e r and w a s l o c a t e d above the r e s e r v o i r tank in a s a m p l i n g tube , A 
h i g h - t e m p e r a t u r e s e a l was u t i l i z ed in th is va lve s ince s a m p l e s of the m o l t e n 
c a d m i u m w e r e t aken a few inches below the va lve f rom wi th in the r e s e r v o i r 
t ank . T h e y w e r e w i t h d r a w n above the va lve w h e r e they then r e m a i n e d to 
sol idify p r i o r to a n a l y s i s . Both of the va lve s V - l , and V - 8 of F ig . 31 a l lowed 
s a m p l e s to be i n s e r t e d and r e m o v e d f rom the e x p e r i m e n t a l s y s t e m whi le 
the m o l t e n c a d m i u m was at a t e m p e r a t u r e of a p p r o x i m a t e l y 500°C. 

e. T h e r n n o c o u p l e s 

C a l i b r a t e d C r - A l t h e r m o c o u p l e s enc lo sed in s t a i n l e s s s t e e l 
304 s h e a t h s w e r e p u r c h a s e d for the loop. T h e s e t h e r m o c o u p l e s w e r e r e -
c h e c k e d for a c c u r a c y and c a l i b r a t i o n . They w e r e found to be wi th in ±1°C 
of the spec i f i ed va lue when c a l i b r a t e d a g a i n s t a s t a n d a r d t h e r m o c o u p l e at 
A r g o n n e . T h i s s t a n d a r d had been checked a g a i n s t a B u r e a u of S t a n d a r d s 
t h e r m o c o u p l e and \vas se t up in the l a b o r a t o r y for such c a l i b r a t i o n 
p r o c e d u r e s . 

f. I n s u l a t i o n 

F i b e r f r a x a l u m i n a - s i l i c a c e r a m i c b l a n k e t of l / 2 i n c h 

n o m i n a l t h i c k n e s s w a s o b t a i n e d t o c o v e r t h e h e a t i n g s u r f a c e s . T h e b l a n k e t 

w a s a p p l i e d t o t h e h e a t i n g s u r f a c e s i n l / 2 - i n c h t h i c k s e c t i o n s a n d w a s o v e r ­

l a p p e d a t t h e s e a m s a s e a c h s u c c e e d i n g l a y e r w a s a p p l i e d . T h e b l a n k e t 

w a s a t t a c h e d i n p o s i t i o n b y u s i n g a s b e s t o s c o r d a n d o v e r l a p p e d a t t h e j o i n t s 

t o m i n i m i z e h e a t l o s s e s a t t h e s e p o i n t s . ( F i b e r f r a x m a y b e u s e d c o n t i n u ­

o u s l y u p t o 2 3 0 0 ° F ; i t s m e l t i n g t e m p e r a t u r e i s a r o u n d 3 2 0 0 ° F . ) I t w a s f o u n d 

t h a t 2 i n c h e s of F i b e r f r a x c o v e r e d b y l / 2 i n c h of f i b e r g l a s s w i t h a l u m i n u m 

f o i l b a c k i n g v^as s u f f i c i e n t t o r e d u c e t h e h e a t i n g l o s s e s t o t h e s u r f a c e a p ­

p r o x i m a t e l y t o a 5 0 ° C s u r f a c e t e m p e r a t u r e o n t h e o u t s i d e of t h e i n s u l a t i o n . 

T h i s m a y b e s e e n b y v i e w i n g F i g . 3 9 , F i g u r e 39 s h o w s a c r o s s s e c t i o n of 

t h e u p p e r p o r t i o n of t h e f i g u r e w h i c h r e v e a l s t h e r e s i s t a n c e h e a t i n g c a b l e . 

Fig. 39 

Cross Section of Loop Pipe. 
Heating Cable, Insulation 
and Thermocouple 

108-5062 
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F i b e r f r a x i n su l a t i on and f inal ly the f i b e r g l a s s b l anke t . I m m e r s i o n t h e r m o ­
coup les a r e shown at the u p p e r h o r i z o n t a l leg of the loop p ipe . 

g. V a r i a b l e P o w e r s t a t T r a n s f o r m e r s 

E igh t t r a n s f o r m e r s w e r e r e q u i r e d for the s e p a r a t e hea t ing 
c i r c u i t s . T h e s e t r a n s f o r m e r s w e r e e i t h e r 220 vo l t s o r 440 vo l t s depend ing 
upon the hea t ing c i r c u i t and the c o m p o n e n t to be hea t ed . The hea t ing c i r ­
cu i t s on the pump tank, r e s e r v o i r t ank , and c h a r g e t ank w e r e 440 vo l t s 
whi le the loop condui t and t r a n s f e r l i ne s o p e r a t e d on 220 v o l t s . Al l t r a n s ­
f o r m e r s and hea t ing c i r c u i t s w e r e p r o p e r l y fused to avoid c i r c u i t o v e r l o a d 
and power was shut off in c a s e of hea t ing elennent f a i l u r e s . The u s e of 
s e p a r a t e hea t ing c i r c u i t s a l lowed g r e a t f l ex ib i l i ty in apply ing hea t to the 
v a r i o u s s u r f a c e s . Once the v a r i o u s s e t t i n g s w e r e known for the p o w e r s t a t s , 
the loop could be held i s o t h e r m a l for on-off c o n t r o l l e r s wi th in ±1°C for con­
s i d e r a b l e l eng ths of t i m e . 

h. P u r i t y of C a d m i u m Used in M a s s T r a n s f e r Study 

The c a d m i u m for the m a s s t r a n s f e r s tudy was p u r c h a s e d 
in sol id b i l l e t r o d s of 1 inch d i a m e t e r in l eng ths of 12 i n c h e s . The s p e c i ­
f icat ion of c a d m i u m p u r i t y was 99 ,95 p e r c e n t ; a t y p i c a l s p e c t r o c h e m i c a l 
a n a l y s i s of the c a d m i u m showed the v a r i o u s c o n s t i t u e n t s and t h e i r p e r ­
cen tage content in the c a d m i u m . The c o n s t i t u e n t s wh ich w e r e p r e s e n t in 
l e s s than 0.01 p e r c e n t w e r e AI, B, Ba, Be , Bi , Ca, Co, C r , F e , Hg, Li , Mn, 
Mo, Na, Ni, Si, Sn, T i , V, Zn, and Z r , The c o n s t i t u e n t s wh ich w e r e p r e s e n t 
in l e s s than 0.1 p e r c e n t w e r e As , P , Sr , and P , F a i n t t r a c e s w e r e d e t e c t e d 
of Ag, Cu, Mg, P b and a t r a c e of Sb was d e t e c t e d . The a n a l y s i s of c a d m i u m 
was c lo se to 99.9 p e r c e n t . 

4. S e r v i c e s for Dynamic Loop 

a. A i r 

A s e p a r a t e a i r supply was n e e d e d for the v o l u m e t r i c and 
d i f fe ren t ia l p r e s s u r e i n s t r u m e n t s in o r d e r to supply a s t e a d y 20 ps i p r e s ­
s u r e to the s t a t i c h e a d s . In o r d e r to supp ly th i s c o n s t a n t a i r b l eed to the 
v o l u m e t r i c i n s t r u m e n t s , an a i r c o n t r o l pane l w a s se t up and an a i r l ine 
was i n s t a l l ed . The c o n t r o l p a n e l c o n s i s t e d of an a i r f i l t e r , v a l v e s , and a 
p r e s s u r e r e g u l a t o r which could be ad jus t ed to b leed in the a i r supply to the 
i n s t r u m e n t s . 

b . E l e c t r i c a l S e r v i c e s 

E l e c t r i c a l s e r v i c e s w e r e p r o v i d e d and a fuse box i n s t a l l e d 
for the 5 hp R e e v e s v a r i s p e e d m e t e r which r e q u i r e d 440 vo l t s on a 3 p h a s e 
c i r c u i t . The e l e c t r i c a l c i r c u i t s w e r e a l l fused to p r e v e n t o v e r l o a d i n g and 
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short c i rcui ts . Also, the s tar t , stop, and r e - se t button for the motor was 
wired through a 2 position key switch for safety purposes. Keys for the 
switching circuits were in the possession of operating personnel at all t imes 
when a run was not in p rogress . After a run was completed, the key could 
be removed from the switching circuit before the operator stepped on the 
sampling platform to remove the uranium sample from the experimental 
system. This provided an extra safety precaution and facilitated the sample 
changing process without endangering the personnel operating the loop. 

c. Argon Supply for Blanket Gas 

In order to avoid contamination in the system and possible 
creation of uranium and cadmium oxides as well as to avoid fires, the 
entire loop was kept under argon blanket gas. In addition, argon was used 
to p re s su r i ze molten cadmium during the charging operation into the ex­
perimental system. Normally, the argon blanket over the molten cadmium 
was kept at 5 psi except at the lowest pumping rates when the argon was 
increased on the system to increase head for the pump. At the highest 
pumping rate , a p r e s s u r e of 15 psi was required on the reservoi r tank to 
suppress the static head of molten cadmium collected there. Two cylinders 
were used in the supply system as shown in Fig. 32, valves V- 13 and V- 14. 
One cylinder served as a spare and could be turned on while the other cyl­
inder was removed for refilling. The blanket gas could be turned on or off 
at the cylinders. The operations of charging, dumping, and making a run 
required operation from the general panel board. This allowed the operator 
some degree of protection since a leak of molten cadmium to the environ­
ment during a run could be stopped by the panelboard. This will be dis­
cussed elsewhere. 

5. Instrumentation for the Dynamic Loop 

a. Trans fo rmers and Control lers 

Much of the instrumentation is shown on the general panel-
board in Fig. 40. The variable powerstats with indicator dials for adjusting 
the power for the heater circui ts are shown at the lower left and center of 
the panelboard. The dynamic loop could be held to within ±I°C of the experi­
mental t empera ture by adjusting the requisi te load for each circuit . 

b. Automatic T imers 

Automatic tinners for the e lect r ical system for the separate 
heating c i rcui ts of the dynamic loop a re shown at the lower right of the 
panelboard. The t imers serve the purpose of allowing power to be supplied 
to the loop at some selected t ime pr ior to the mass t ransfer runs. 
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Fig, 40. Photograph of Instrumentation Panelboard 

C Liquid Metal Level Indicators 

Two types of liquid metal level indicators were developed 
to use in this study. These are (a) the spark plug type and (b) the gas bub­
ble system. Neither of these are new in principle. The spark plug type 
has been used and described elsewhere*'' together with its advantages and 
disadvantages. The gas bubbler has been used for years in various forms 
for determining pressure at subnnerged depths in liquids and liquid level 
measurements. 

(1) Spark Plug Type 

Spark plugs were obtained and the plugs were modified 
so that a stainless steel 304 welding rod of about l /S inch in diameter was 
welded so that it became the center electrode. A 6-volt battery and an 
indicator light were connected to the spark in ser ies and grounded to the 
equipment. The equipment and the liquid metal contacting the center elec­
trode of the level probe completed an electrical circuit and a light connected 
into the circuit indicated the completed circuit signifying that liquid metal 
had contacted the probe. Actually, the .stainless steel probe was adjusted 
to a certain predetermined level and the indicating light remained off until 
the liquid metal level in the tank was sufficiently high to make contact with 
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the probe. The disadvantages of this arrangement were found to be as 
follows: (l) two spark plug level probes had to be used to indicate high and 
low level in the various tanks, and (2) there was the possibility of shorting 
the electr ical circuit on the side of the tank with the probe instead of 
making contact with the liquid. It was decided to replace the spark plug 
level probes with bleed gas bubblers which gave better resul ts . 

(2) Gas Bubble Level Probe 

Argon gas was bled through a p ressu re regulator and 
needle valve through a hollow stainless steel tube (B, Fig. 41) which was 
free to be raised or lowered through a high-vacuum coupling into the molten 
cadmium. The bleed gas line was connected through a tee into one leg of a 
manometer whose other leg was connected into the system or tank. While 
the probe was raised above the liquid level (D, Fig, 41), the argon bleed was 
adjusted with the needle valve. When the bleed pressure balanced the sys­
tem p re s su re in the charge tank, the manometer read zero. As the probe 
was lowered just beneath the liquid metal surface E, Fig. 41, an unbalance 
of p re s su re forces resulted between the charge tank and bleed and a deflec­
tion of manometer fluid was observed on the manometer. Operation of the 
gas bubbler may be followed by referring to Fig. 41. Argon gas is bled 
from the argon cylinder into the level probe at B and simultaneously into 
one side of the manometer. This flow rate is adjusted with the level probe 
at position D until the manometer reading is constant. This constant read­
ing indicates that the p ressure (or flow rate) through the level probe bal­
ances the p re s su re on the system -which is indicated at H and connected 

A- NEEDLE VALVE 

B- HOLLOW STAINLESS STL. LEVEL PROBE 

C- HIGH VACUUM COUPLING 

D- POSITION PRIOR TO IMMERSION IN MOLTEN METAL 

E- POSITION JUST BENEATH MOLTEN CADMIUM LEVEL 

F- OVERFLOW OIL RESERVOIR 

G- ARGON PRESSURE REGULATOR 

H- STATIC GAGE 

J-ARGON CYLINDER 

K- CHARGE TANK 

L- VENT \ftLVE V.5.FHII 

M. OIL RESERVOIR 

Fig. 41. Gas Bubbler Level Indicator 

file:///ftLVE
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into the other leg of the manometer via the oil overflow reservoi r at F. 
Measurement of the length of stainless steel probe before and after a t r an s ­
fer operation yielded the liquid metal level in the tanks or system by simple 
arithmetic calculation. 

D. Velocity Calibration and Operating Procedures 

1. Velocity Calibration 

a. Experimental Equipment for Velocity Calibration 

A sketch of the orifice location, radius pipe tape, and 
pressure cells is shown in Fig, 42, The figure also shows the location of 
the electromagnetic flowmeter (E) and millivolt chart recorder (N) for 
recording the voltage. The orifice plate was located at (I) and could be 
inserted and removed by the bolting flange. Two rese rvo i r s for p ressure 
detection are shown at H. Pneumatic gauges are shown at K, L, L', and M, 
M', Differential p ressure cells with NaK filled capillaries are shown at J, 
Heaters are shown at G for the radius p ressure taps. 

A-RESEVOIR TANK 
B-PUMP TANK 
C-MOLTEN CADMIUM 
0-ARGON 
E-E M FLOWMETER 
F-BAFFLE 
G-HEATERS 
H-RESEVOIR FOR 

PRESSURE DETECTION 

I - ORIFICE PLATE 
J .NoK RLUD 

PRESSURE GAGES 
K - GAGE FLOW CALIGRATICM lAl 
L - GAGE FLOW CAUBRATICM IBI 
M - GAGE FLOW CAUBRATION (C) 
N . MILLIVOLT CHART RECORDER 
0 - HELIUM 
P -LOOP 
Q -ARGON BLEED L1WS TO PRESSURE TAPS 

Fig. 42. Experimental Apparatus for P re s su re Measurement and Velocity 

b. Operating Character is t ics of P r e s s u r e Cells 

The electromagnetic flowmeter was not used in initial 
calibration stages. However, its use was discontinued because of the buildup 
of a slight oxide film under the pipe wall. Difficulty was encountered with 
the NaK filled capillaries and differential p ressure cells because of dia­
phragm rupture. 



131 

Because of the difficulties encountered with the e lec t ro­
magnetic flowmeter and the NaK filled cells later in the experimental 
program, an al ternate apparatus had to be developed to determine the flow 
rate . This apparatus consisted of placing rese rvo i r s for p ressure detec­
tion on either side of the orifice plate. These rese rvo i r s were designed to 
hold molten metal under p re s su re from the dynamic loop. Argon was 
trapped in the capil lar ies at "O" and the p ressu re developed by the flowing 
cadmium was read on the gauges L,L' and M,M'. Baffles shown at F were 
installed in the r e se rvo i r s , H, to dampen the possibilities of metal surging 
into the capil lar ies and plugging them. An argon cylinder and argon bleed 
lines shown at Q were installed by making terminal corrections into the 
capi l lar ies . These bleed gas lines allowed the rese rvo i r s to be cleared 
pr ior to operation and a constant or steady head could be held on the 
r e se rvo i r s . 

c Calibration Procedure 

The principle of the calibration procedure consists of two 
specific steps. P r io r to operation, the p ressure r e se rvo i r s , H, are cali­
brated in t e rms of an a rb i t ra ry standard gauge shown at K. This calibration 
is accomplished by differentially bleeding argon gas into the pump tank. 
During this operation, there is a continuous differential p ressu re buildup 
on gauges K, L, L' and M, M'. The p ressu res on these gauges are recorded 
at each differential increment of p ressure , bled into the system. 

The recorded data are then plotted with L,L' and M,M' 
being plotted versus the a rb i t ra ry standard K as in Fig, 43, 

Secondly, the p ressu re difference under flowing conditions 
across the orifice plate was determined by reading L,L' and M,M' for the 
p re s su res developed at different flow ra tes . These recorded p ressu res 
were converted into the same p ressure units by using the previous cali­
bration curve. The difference in p ressu re between L,L' and M,M' is then 
obtained by simple difference and amounts to the p re s su re drops across 
the orifice. Gauges L and M are read in psig. For convenience in inter­
polating the calibration data, gauges K, L and M are read in MM of Hg 
absolute. Incidentally, this allows a smaller unit to be read and perhaps 
somewhat greater accuracy in calibrating the differential p re s su re drop 
across the orifice. 

Using the conventional orifice formulas 

/ 2 ^ ' j x A p (15.1) 

where V = velocity of flowing cadmium, Ap = area of loop pipe, g = accel­
eration due to gravity, and h' = differential p r e s s u r e in feet of flowing fluid. 
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The velocities could be calculated using equation 15.1, The above equation 
is modified to account for the conversion of p ressu re units to feet when 
using psi units. 

V = C, 
2(g)Ap x 144 

p x 62,4 
(15.2) 

1600 2000 2400 2600 3200 
GAGE M (MM OF H> Aes) 

Fig. 43. Calibration Data, L' and M' Plotted Versus 
Arbitrary Standard Gauge K 

The discharge coefficients for 4 orifice plates of different 
diameter were obtained experimentally by pumping water around the loop 
and metering with a water meter the flow rate. The water was metered in 
the lower horizontal leg of the loop and the pressure drop was measured 
across the various orifices. From this data the discharge coefficients 
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could be calculated. These coefficients all approach a constant value of 
0.61 above an orifice Reynolds number of 10^. The coefficients a re tabu­
lated in Chapter XVI. Using this coefficient of 0.61 the velocity of the 
molten cadmium could be calculated from pressure drop data obtained by 
the procedure outlined above. This assumes that the coefficients for water 
wrere the same as for liquid cadmium. The velocity of the molten cadmium 
is plotted versus the rpm of the pump shaft in Fig. 44. The data are p r e ­
sented in Chapter XVI for the calibration of the molten cadmium versus 
the velocity. 
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Fig. 44. Rpm of Pump Shaft Versus Velocity 
of Cadmium Flow in ft/sec 
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It is observed that above an orifice Reynolds number of 
10^, the orifice coefficients approach a constant value of 0.61, This value 
is used in the standard orifice equation above to calculate the velocity from 
known Ap data. The velocity may also be read as a function of rpm of the 
pump. The rpm of the pump shaft is recorded simultaneously with the 
pressure drop across the orifice. This was the final calibration curve 
used for the velocity determination. Figures 44 and 45 are plots of rpm 
velocity and pressure drop data used in the velocity calibration. 

2 0 

1.9 -

18 -

O V T V E R S U S ( Z i P ) ° p 4 l N C H 
ORIFICE ' 

QEXPANDED SCALE 

12 16 20 2 4 ^28 32 36 40 4 4 48 

( A P M M ) 2 

Fig. 45. Plot of Low Velocity Versus (AP mm)'/^ 
across the Orifice 
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Fig. 46. Rpm Versus AP for Different Diameter Orifices 

2. Operating Procedures for Mass Transfer Runs 

a. Introduction to Operating Procedures for Making Mass 
Transfer Runs 

The operating procedures consist of the operation, charging, 
normal shut down procedure, as well as the detailed procedure for making 
a run. These involve manipulating appropriate valves for the argon blanket 
gas from panelboard of Fig. 40. The flow sheet for the argon blanket gas 
may be seen in the following sketch as Fig, 47, The sketch includes major 
loop connponents with necessary instrumentation to accomplish successful 
operation of the loop. 

Argon is supplied by the compression gas cylinder as 
shown. The argon gas p re s su re is first reduced by the argon high p ressu re 
regulator designated as APR, Valves V-I6 , V-17, V-5 and V-2 are involved 
in the charging operation as discussed in that section. Gauge G-1 is used 
to read the p ressu re on the charge tank. The sketch indicates the safety 
relief provided for the charging operation. Valves V-6, V-7, and V-21 are 
used when operating the vacuum pump. Valves V-19, V-20, V-6, V-7, and 
V-21 as well as V-18 are employed in the gas leak test operation. The 
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dumping o p e r a t i o n e m p l o y s v a l v e s V - 2 , V - 5 , V - 1 6 , V-17 and V - 2 2 , G a u g e s 
G - 1 , G - 2 , and G - 3 ind ica te s y s t e m p r e s s u r e at the l oca t i ons i n d i c a t e d . 
Loop componen t s a r e a l s o ind ica ted on the s k e t c h F i g . 3 1 . The spec i f i c 
o p e r a t i o n s a r e d i s c u s s e d in the following p a r a g r a p h s . 

A. CHARGING TANK 
B. PUMP TANK 
C. RESERVOIR 
0. VACUUM PUMP 
E ROTOMETER 

F, CADMIUM VAPOR FILTER 
G. LOOP END VIEW 
V4 BALL VALVE AT SAMPLE PORT 
V2 BELLOWS SEAL GLOBE VALVE 
V-3 CHARGING. SAFETY RELIEF 

VALVE 
V* VENT VALVE CHARGING 

OPERATION 
V6 VACUUM VALVE AT SAMPLE 

PORT 
V-7 VACUUM VALVE RESERVOIR 

TANK 
V-16 VALVE FOR CHARGING GAGE y,g 
V-17 CHARGING VALVE ARGON 
V-18 ARGON VALVE TO RESER­

VOIR TANK 
V-19 NEEDLE VALVE ARGON INTO 

ROTOMETER 
V-ZO VALVE FOR ARGON LEAK 

TEST ON SYSTEM 
V-21 VALVE FOR VACUUM PUMP 

OPERATION 
V-22 VENT VALVE BETWEEN PUMP 

TANK a RESERVOIR TANK 
V-e3 OPERATION, SAFETY RELIEF 

VALVE 

f TRANSFER Ll tg ~ ~1 1 . 
FOR DUMPING | ~1 I 1 

G-l ARGON HIOH PRESSURE CMARGWG 

GAOE 
G2 ARGON LOW PRESSURE GAGE TO 

EXPERIMENTAL SYSTEM 
C-3 VACUUM PRESSURE COMPOUND 

GAGE 
APR-ARGON PRESSURE REGULATOR 

I TRANSFER LINE 
FOR CHARQINO 

Fig . 47, Argon Blanke t Gas F low Sheet 

b. Cha rg ing P r o c e d u r e for Mol t en Cadnniunn 

The cha rg ing p r o c e d u r e r e f e r s to the speci f ic o p e r a t i o n 
w^here the m o l t e n cadnnium w^as forced upw^ards by high p r e s s u r e a r g o n gas 
through the t r a n s f e r l ine into the s u r g e r e s e r v o i r of the e x p e r i m e n t a l 
s y s t e m . 

The de ta i l ed s equence of s t e p s in a c h a r g i n g o p e r a t i o n m a y 
be l i s t ed and followed by r e f e r r i n g to F i g s . 30, 31, 32, and 40. 

( l ) The t e m p e r a t u r e r e c o r d e r and the indiv idual c o n t r o l l e r 
t e m p e r a t u r e w e r e checked to s ee if the exper innen ta l s y s t e m was up to 
ope ra t ing t e m p e r a t u r e . 

(2) Valve V - 2 , the dumping va lve , was c lo sed . 
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(3) A sample rod with dummy sphere was placed in the 
experimental position at the sample port according to the run procedure. 

(4) Valve V-5, the vent valve between the charging tank 
and the pump reservoi r , was closed. 

(5) The leveling device, that is , the argon gas bubbler, 
on the charging tank was adjusted to its initial position prel iminary to 
taking a level measurement , 

(6) The argon valves to the experimental system, including 
the high p r e s s u r e argon valves on panelboard No, 2 were closed. These 
may be seen by referr ing to Fig. 40. 

(7) The portable exhaust ducts were positioned at the 
flanges of the charging tank and reservoi r tank, 

(8) Operating personnel assumed positions in front of the 
general instrumentation panelboard, 

(9) Using the argon p ressu re regulator the p ressure was 
set for charging the molten cadmium and was read at the charging gauge 
on panelboard No, 2. 

(10) Charging of molten cadmium to the loop was initiated 
by opening the charging valve on panelboard No, 2, and the p ressure gauges 
were watched during charging, 

(11) After sufficient time had elapsed to complete the 
charging procedure, the liquid level in the charging tank was checked using 
the leveling probe, 

(12) Valve V-8 which discharged directly into the exhaust 
duct was opened and allowed the re lease of argon gas accumulated in the 
experimental system during charging, 

(13) The charging procedure was terminated and special 
notes observed during charging were recorded, 

c. Detailed Procedure for Making a Run 

After the molten cadmium was charged to the experimental 
system, the next procedure consisted of the preparat ion and completion of 
a specific run. The following detailed steps were executed during this 
operation. Again refer to Figs, 31, 34, 40, 
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(1) A d u m m y s p h e r e of SS 304, the s a m e s i z e of the u r a ­
n ium t e s t s p h e r e , was p l a c e d in the d i s s o l v i n g p o s i t i o n . A d u m m y s p h e r e 
was u s e d to enable v e l o c i t y a d j u s t m e n t s to be m a d e wi thout d i s s o l v i n g the 
t e s t s p h e r e . 

(2) The m o l t e n c a d m i u m w a s t r a n s f e r r e d f rom the c h a r g i n g 
tank into the e x p e r i m e n t a l s y s t e m u n d e r high p r e s s u r e a r g o n p l a c e d on the 
cha rg ing tank. 

(3) The c a d m i u m flow r a t e was ad jus t ed by u s i n g the emf 
v e r s u s pumping r a t e c a l i b r a t i o n c u r v e p r e v i o u s l y e s t a b l i s h e d for c a d m i u m . 

(4) The p u m p was shut off and the c a d m i u m a l lowed to 
b e c o m e q u i e s c e n t in the two r e s e r v o i r s . T h i s a l lowed the l iquid l e v e l in 
the loop to d r o p to a pos i t i on below the s p h e r e . 

(5) The d u m m y s p h e r e was r e m o v e d f r o m the e x p e r i m e n t a l 
pos i t ion by pul l ing the s a m p l e rod back t h r o u g h a C e n c o high v a c u u m fit t ing 
unt i l the d u m m y s p h e r e was behind the ba l l va lve V - l a t the s a m p l e p o r t . 
The ba l l va lve , shown in F i g . 31 a s V - l , was then c l o s e d . 

(6) The dunnmy s p h e r e w a s a l lowed to cool for about 
20 m i n u t e s to a p p r o x i m a t e l y r o o m t e m p e r a t u r e in th i s s m a l l s e a l e d chann-
b e r . After cool ing, the f lange on the s a m p l i n g p o r t was r e m o v e d and the 
d u m m y s p h e r e de t ached f rom the s a m p l i n g rod , 

(7) A u r a n i u m t e s t s p h e r e a l r e a d y p r e - w e t wi th c a d m i u m 
was then a t t ached to the s a m p l i n g rod . The f lange and s a m p l i n g rod w e r e 
again p laced in pos i t ion . The u r a n i u m t e s t s p h e r e in th i s pos i t i on w a s 
loca ted in the s m a l l s e a l e d c h a m b e r be tween the f lange and ba l l va lve V - l , 

(8) The c h a m b e r which con ta ined the s p h e r e be tween the 
va lve V - l and the flange was then e v a c u a t e d and f lushed t h r e e t i m e s wi th 
a r g o n to e l i m i n a t e a i r , 

(9) Valve V- 1 was then opened and the u r a n i u m t e s t s p h e r e 
was pos i t ioned in the e x p e r i m e n t a l l oca t i on in the u p p e r h o r i z o n t a l leg of 
the 1.5 inch conduit , 

(10) The p u m p was t u r n e d on a f te r the u r a n i u m s p h e r e w a s 
p l aced in the d i s so lv ing pos i t i on . Mo l t en c a d m i u m flowed p a s t the u r a n i u m 
s p h e r e and d i s s o l v e d it to s o m e ex ten t , 

(11) After a p r e s c r i b e d t i m e i n t e r v a l for the e x p e r i m e n t a l 
run, the pump was shut off and the m o l t e n c a d m i u m w a s a l lowed to b e c o m e 
q u i e s c e n t in the two r e s e r v o i r t a n k s . 
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(12) The uranium test sphere was then removed from the 
experimental position in the same manner that the dummy sphere was 
removed. 

(13) The uranium test sphere was detached from the 
sample rod and weighed. From the weight loss of the sphere and appro­
priate equations, the dissolution correlat ions were established as a function 
of cadmium velocity and temperature , 

d. Normal Shut Down Procedures 

After specific mass transfer runs were completed, or in 
order to repair some malfunction in the equipment, the molten cadmium 
was dumped from the experimental system to the charge tank where it 
solidified. The detailed procedure for normal shut down may be 
itemized as follows: 

(1) The pump was shut off by shutting off the motor drive 
assembly. 

(2) After the pump had coasted down, the molten cadmium 
was allowed to become quiescent in the system, 

(3) Vent valves were opened to allow for necessary p re s ­
sure equalization between tanks as the molten cadmium flowed to the charge 
tank. 

(4) Valve V-2, the bellow-sealed globe valve as shown in 
Fig. 31, was opened to commence the dumping operation, 

(5) The next step consisted of watching pressure gauges 
for p re s su re equalization, and using the liquid metal level probe in the 
charge tank to obtain level, 

(6) Liquid metal level probes on the charge tank and the 
surge rese rvo i r tank showed that all of the cadmium was in the charge 
tank, and the valve V-2 was closed. The normal dumping operation was 
then terminated, 

3, Analytical Procedure for Obtaining Weight Loss from Sphere 

a. Weighing techniques as regards the analysis of the ura­
nium spheres were carefully worked out in demonstration runs. It is 
shown elsewhere in the treatment of data that the dissolution analysis is 
based upon the weight loss of the uranium spheres during a mass transfer 
run. The pertinent weights of the uranium spheres were recorded in ac­
cordance with the following detailed steps: 
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(1) The initial weight of the uranium spheres were r e ­
corded before the removal of oxide films as discussed in the wetting 
procedure, 

(2) The weights of the uranium spheres were recorded 
after step (l) was completed and the weights of the SS 304 support rods 
were recorded separately. 

(3) After wetting, the sphere plus the Zn coating and the 
SS 304 support rod were stored until ready for a run. Analysis was made 
of the Zn melt for the uranium content which might be present . The con­
tent of Zn and U was found to be negligible. 

(4) After a mass t ransfer run was completed, the cadmium 
coating on the uranium sphere was removed by dilute H2SO4. (Sulfuric acid 
attacks Cd but not U.) 

(5) The cadmium coating removed as in step (4). The 
weight loss during dissolution was obtained by subtracting the weight of the 
clean uranium sphere after a run from the weight obtained from step (2). 

4. Procedure for Uranium Analysis 

In the laboratory analysis, samples which contained uranium 
were all checked for uranium content. Uranium was determined spect ro-
photometrically with 1. 3-diphenyl-1 - 3 propanedione using modifications of 
the procedures listed by Francois,^ ' and Maeck ." This required a pH ad­
justment and the extraction of uranium using hexone as the extractant. The 
uranium was extracted as tetrapropyl ammonium uranyl nitrate from acid 
deficient aluminum nitrate. Further t reatment of the hexone phase was 
accomplished by adding this phase to an acetone-water solution which con­
tained dibenzoyl methane and pyridine. The absorbance was measured at 
410 mu using 1 cm cells. The experimental e r ro r involved in the test 
was ±5%. 

5. Safety Considerations 

The most serious considerations concerning the exposure of 
human beings to cadmium compounds in this operation consisted of the 
possible leakage of cadmium either as a liquid or vapor from the system. 
It was considered unlikely that cadmium could spew out as a liquid through 
the heavy layer of insulation. However, the following safety precautions 
were practiced in this operation: 
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a. Safety Precaut ions Taken While Melting Cadmium Charge 

In this case it was anticipated that a leak of cadmium from 
the charge tank, or a leak of cadmium vapors might occur during the melting 
process . In the event of such an emergency, the operating personnel were 
instructed to shut down the power to the heating circuits , reduce the argon 
gas p r e s su re , and place portable exhaust lines at the source of leakage. 
Personnel were instructed to then leave the area . 

Leakage of argon gas, except when argon was deliberately 
being supplied could be detected by argon flow through a rotameter on the 
argon supply systenn. The system was leak checked prior to a run by 
determining if the p re s su re rennained constant in the system over some 
prescr ibed t ime interval. Industrial Hygiene section of the Chemical Engi­
neering Division monitored in the area by taking periodic air samples. 

b. Safety Precautions Taken during an Experimental Run 

An emergency situation during a run would be leakage of 
cadmium liquid or vapors from the experimental system. Operating per­
sonnel were instructed to shut off the pump, open the valve V-2 of Fig. 31 
for dumping the molten cadmium to the charge tank and then to leave the 
area, 

c. P r e s s u r e Control and Relief 

Argon gas was supplied to the experimental system through 
argon p re s su re regulators . Generally the operating pressure never ex­
ceeded 15 psi. However, during the operation of the experimental loop with 
the exception of the charging operation, the argon gas lines were connected 
to a p r e s su re relief valve set at 50 psi which if ruptured would exit all gas 
to the exhaust duct, 

d. General Safety Procedures Summary 

The general safety philosophy was based upon performing 
rapid shutdown of the equipment by relatively few operations (drainage of 
loop, shutdown of pump and power, and reduction of pressure) and evacua­
tion of personnel. Assault masks were located and used by operating per­
sonnel for certain operations, part icularly for inserting and removing 
samples. 

E. Vibration Reduction of Motor and Mounting Supports 

1. Statement of Problem 

It was necessary to determine the extent of mechanical vibra­
tions which might be transmitted to the dynamic loop from the motor and 
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d r i v e a s s e m b l y . The d y n a m i c loop was d e s i g n e d so tha t the uppe r h o r i z o n t a l 
leg of the loop connec ted into the r e s e r v o i r tank a s shown in F ig . 2, B e c a u s e 
of the ope ra t i ng t e m p e r a t u r e of about 500°C, a l l owance had to be m a d e for 
t h e r m a l expans ion in the tank and r e s e r v o i r tank. Th i s c o n s t i t u t e d p lac ing 
the r e s e r v o i r tank on c o a s t e r s which r e s t e d on the loop s u p p o r t s . B e c a u s e 
the m o l t e n m e t a l pump was moun ted v e r t i c a l l y and d r i v e n f rom the s ide 
(the s a m e h o r i z o n t a l p l ace as that in which the c o a s t e r s w e r e con ta ined) it 
^vas n e c e s s a r y to mount the m o t o r and d r i v e a s s e m b l y s e p a r a t e f r o m the 
r e s t of the e x p e r i m e n t a l equ ipmen t . In addi t ion , a s tudy was i n i t i a t ed a f te r 
mount ing the m o t o r s e p a r a t e l y to f u r t h e r r e d u c e the v i b r a t i o n index t r a n s ­
mi t t ed f rom the m o t o r . The pump was bel t d r i v e n by the m o t o r which he lped 
dampen some of the v i b r a t i o n leve l . H o w e v e r , the m o t o r and d r i v e a s s e m b l y 
which cons t i tu ted the s o u r c e of v i b r a t i o n s had to be p r o p e r l y i s o l a t e d . Th i s 
r e s u l t is d e s c r i b e d in the following p a r a g r a p h . 

2, Methods E m p l o y e d to Reduce V i b r a t i o n s 

Rubber a b s o r b e r padding was ob ta ined and sandwiched be tween 
a luminum p l a t e s , each about 0,125 inches th ick . T h e s e a b s o r b e r un i t s w e r e 
p laced be tween the t e r m i n a l poin ts of the moun t ing b r a c e s and the wa l l . 
F i g u r e 48 shows the loca t ion of the a b s o r b e r uni t a f ter i n s t a l l a t i o n , A v i ­
b ra t i on a b s o r b e r tube w a s m a d e and a t t a ched to the moun t ing p l a t e a t a 
45° angle with the h o r i z o n t a l and the wa l l . The a b s o r p t i o n tube ac ted a s a 
v ib ra t ion d a m p e n e r and could be ad jus ted us ing a t u r n buckle a t one end, A 
to rque w r e n c h was used to ind ica te the t o r q u e in i n c h - p o u n d s t h a t w a s appl ied 

TURNBUCKLE 
SUPPORT FOB MOTOR MOUNTING PLATE 

END VIEW OF MOTOR MOUNTING PLATE 

END VIEW OF VARJ.SPEED MOTOR ASSEMBLY 
LABORATORY FLOOR 
LABORATORY WALL 

RUBBER ABSORBERS 
CORK ABSORBERS 

2 INCH STEEL PIPE 

STANDARD CAP FOR i INCH PIPE 

Fig , 48. V i b r a t i o n A b s o r b e r Tube 



143 

to the terminal connection. The interior of the tube consisted of rubber 
sections which acted as cushions between the terminal ends of the tube, 

3. Experimental Procedure and Technique 

It was immediately recognized that some detection device had 
to be fabricated to detect the effect of the vibration absorbers , and the 
effect of placing different torques on the dampening tube, 

a. Transducer for Detecting Vibrations 

The vibrations were detected by employing a transducer 
to pick up the vibrations, which in turn transmitted a signal to a p re ­
amplifier; from the pre-amplif ier , the signal was fed to a linear amplifier 
and finally to a scaler for counting, A sketch of the experimental set-up 
is shown in Fig, 49. The transducer consisted of a small cylindrical plate 
suspended inside a cup. This may be viewed in Figs, 50 and 51, The small 
plate was suspended on an a rm which was connected to one side of the 
electr ical circuit while the cup was connected to the other electrical lead. 
The cup was mounted on an accoustical pad which was about 3 by 6 inches 
in dimensions. The transducer assembly was attached to the motor at the 
location where it was desired to pick up the vibrations. In this position the 
vibration index of the running motor could be detected. Completion of the 
electr ical circuit introduced a signal to the pre-amplif ier , secondly to the 
amplifier, and finally to the scaler for counting. 

SUPPORT 
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CLEARANCE . 0 0 1 — - j [ ^ 

CUP • 

CIRCULAR PLATE MAKES 
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COUNTING CIRCUIT. 

LINEAR 

AMPLIFIER 

CONTACT WITH CUP UPON 
THIS CONTACT COMPLETES 

TRANSDUCER-' 

TRANSDUCER RESTS ON SHOCK ABSORBENT MATERIAL. 

TRANSDUCER ACTS AS DETECTOR AND IS ATTACHED 

TO SOURCE OF MECHANICAL VIBRATION. 

Fig. 49. Vibration Detector 
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108-48,39 

Fig. 50. Equipment for Vibration Detection 

Experimental 
Procedure 

The counts per min­
ute were recorded on the scaler as 
the torque was changed on the absorp­
tion tube. The effect of an increasing 
torque reduces the vibrations to a 
minimum level at about 600 in.- lb. 
This was the standard setting kept on 
the absorber tube for the majority of 
the runs. The data are given in 
Chapter XVI. 

108-4841 „ , , ^ 
4. Results of Test and 

Fig. 51. Photograph of Transducer Discussion 
for Vibration Detection 

It was satisfactorily 
demonstrated that the vibrations of the motor mounting assembly and the 
source of about 95% of vibration in the apparatus could be effectively r e ­
duced by the employment of vibration reduction devices. From Fig. 52 
and Table XVIII it is observed that the relative vibration could be reduced 
by about 50% when 600 in.-lb of torque'was applied to the absorber tube 
rather than 100 in.-lb. Also the figure demonstrates a steady decrease in 
the vibrations with increasing torque. No effort was made to determine the 
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exact effect of the vibration index on the mass t ransfer data. It was con­
sidered sufficient to keep a torque of about 600 in.-lb on the tube since this 

value seemed to be the nnost 
ORDINATE VIBRATION INDEX 

(COUNTS/MIN.) 
ABSCISSA TORQUE ON 

ABSORBEiR (IN-LBJ 

o 3 8 9 5 R P M . a 

A 1984 RPM, 6 

D 1171 RPM. 4 

• 671 RPM. 2 

200 3 0 0 4 0 0 5 0 0 

TORQUE I N - L B . ON TUBE 

Fig. 52. Effect of Vibration 
Absorber Tube 

desirable at all speeds to hold a 
minimum vibration index. It 
should be recognized that a sep­
arate mass transfer study would 
be of academic interest which 
would determine the effects of 
vibration sources on mass transfer 
rates from single spheres. 

F. Description of Ultrasonic 
Equipment and Procedures 
for Conducting Physical 
Wetting Experiment 

A furnace capable of 
reaching 600°C was set up and a 
small crucible filled with solid 
cadmium placed inside, A small 
wire was attached to the crucible 
and was made to exit the furnace 
as shown in Fig. 53 through a 

side a rm and vacuum fitting. The procedure prior to wetting the uranium 
•with cadmium consisted of bolting the transducer on the high temperature 

TABLE XVIII. Vibration Reduction Data 

Data from Vibration Test (with Adjustable Dampener) 

Total Count 

6192 
5530 
4950 
3692 

1479 
2013 
2940 
4350 
2310 
1646 
1450 
960 
400 
200 

Min 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

Count/Min 

1296 
1106 
980 
738 
296 
402 
588 
870 
478 
348 
290 
133 
80 
40 

R P M 

3895 
3895 
3895 
3895 
1984 
1984 
1984 
1984 
1171 
1171 
1171 
1171 
671 
671 

T, Torque 
(in.-lb) 

100 
200 
300 
600 
600 
300 
200 
100 
100 
200 
300 
600 
300 
600 

N 
(Vari-Speed) 

8 
8 
8 
8 
6 
6 
6 
6 
4 
4 
4 
4 
2 
2 
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vessel , evacuating the furncae, flushing with argon, melting the cadmiunn, 
and holding the molten cadmium at 550°C for wetting. As soon as 550°C 
was reached, the uranium sphere was attached to the magnetostrictive 
device by a pin in the smaller diameter of the horn as described below. 
The set screws were then tightened. The system was again flushed with 
argon and the ultrasonic generator turned on. After two minutes the cru­
cible of molten cadmiunn was pulled to the top of the high temperature 
vessel by pulling the wire through the side a rm as shown in Fig, 53. The 
molten cadmium at 550°C was now around the uranium sphere and wetting 
was accomplished in less than one minute. A photomicrograph of the 
uranium-cadmium interface after ultrasonic wetting is shown in Fig, 54. 

108-4908 

Fig, 53, Exponential Horn for Attenuating 
Ultrasonic Energy 

The ultrasonic transducer was a magnetostrictive device about 
5 inches long with a cylindrical nickel core provided for connections for 
water cooling. 

An exponential horn made from SS 304 was designed and then made 
by the shops. It was attached to the magnetostrictive device to attenuate 
the energy into the liquid metal. 
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187.5X 

Fig. 54, Photomicrograph of Uranium-Cadmium Interface after Ultrasonic Wetting 

I n t h e a p p l i c a t i o n of t h e u l t r a s o n i c h o r n f o r t h i s s t u d y t h e u r a n i u m 

s p h e r e w a s a t t a c h e d t o t h e s m a l l e r d i a m e t e r of t h e m a g n e t o s t r i c t i v e d e v i c e . 

A s m a l l s t a i n l e s s s t e e l 3 0 4 p i n a b o u t o n e i n c h s l i p p e d a l o n g t h e a x i s of t h e 

h o r n i n t o a s m a l l r e c e s s . It w a s h e l d i n p o s i t i o n b y s e t s c r e w s f r o m t h e 

p e r i p h e r y of t h e s m a l l e r d i a m e t e r of t h e h o r n a t a n g l e s 120° a p a r t . T h e 

u r a n i u m s p h e r e w a s a t t a c h e d t o t h e t h r e a d e d e n d of t h e s m a l l p i n w h i c h 

p r o t r u d e s f r o m t h e h o r n b y a b o u t 1 /4 i n c h . T h e o v e r a l l s e t u p f o r u l t r a ­

s o n i c \ v e t t i n g i s s h o w n i n F i g . 5 5 . 

Fig. 55 

Ultrasonic Generator for Providing Energy 
for Ultrasonic Wetting Experiment 

108-4907 
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XVI. TABLES OF EXPERIMENTAL AND DERIVED 
MASS TRANSFER DATA 

The following section presents a tabulation of the individual data 
tables and the important variables used for the several mass t ransfer cor­
relations. Only the data for the pr imary variables and dimensionless 
number moduli are tabulated in the individual data tables. 

TABLE XIX, Selected Values of J^j for Organic Solutes 
Dissolving in Water^^ 

Run No. Solute Solvent Jd(%c° ' " ) " ' 0 ' " R e , s 

30 
31 
41 
42 
43 
44 
45 
54t 
55t 
56t 
57t 
83 
76 
91 
92 

100 
4 
5 
6 
8 
9 

11 
12 
13 
14 
15 
16 
1̂8 
22 
23 
24 
27 
28 
29 
66 
67 
74 
75 
77 
78 
79 

2. -naphthol 

Cinnamic Acid Wate 

16 
04 
61 
87 
97 
61 
99 
51 
57 
80 
27 

8 93 
6.77 
19.5 
13.02 
4.30 
5,98 
5.59 
7,42 
5.37 
6.40 
7.18 
7.11 
6.99 
6.05 

33 
.84 
.77 
35 
.68 
.01 

7.11 
6.94 
6.19 
5.52 
5,22 
13.81 
7,86 
9.90 
9.18 
13.5 

40,200 
62,200 
31,100 
22,400 
53,400 
76,100 
95,400 
35,700 
62,000 
136,500 
31,800 
2,300 
5,640 
788 

1,545 
29,800 
33,600 
33,600 
57,100 
102,000 
62,500 
72,900 
80,300 
81,500 
84,700 
92,500 
96,000 
47,700 
16,900 
54,800 
77,300 
82,500 
61.300 
40,200 
24,300 
28,500 
3,370 
10,100 
5.350 
9,700 
3,380 
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Run No. Solute Solvent Jdf'^Sc"'"') ^ ' ° ' N Re,s 

80 
86 
87 

88 
32 
33 
34 
35 
46 
47 
48 
49 
50 
98w 
99w 
89 
90 

Cinnamic Acid 

Benzoic Acid 

Water 

Water 

15.2 
9.2 

30.7 
33.8 

8.37 
7.06 
6.46 
6.65 
8.12 
7.15 
7.73 
8.56 
7.92 

10.45 
20.2 
36.6 
21.0 

2,240 
6,150 

727 
632 

16,350 
21,500 
26,100 
31,100 
23,800 
32,900 
38,600 
74 ,500 
52,900 

9,320 
2,680 

718 
1.600 

TABLE XX. S u m m a r y of J j Values for Cor r ec t i ng the 
Exponent of the Schmidt Number 

Solute Solvent ^Sc 

Benzoic Acid 
Cinnamic Acid 
2 -naphthol 
Uran ium 

Water 
Water 
Water 
Cadmii i m 

25°C 
25°C 
25°C 

500°C 

1000 
9 0 0 

7 5 0 

151.8 

100 

92.79 
82.18 
28.36 

54.96 
51.68 
44.80 
18.413 

Solute T Nq J d ( N s c ° " ' ) Jd(Nsc •'Re.s 

Benzoic Acid Water 

Cinnamic Acid Water 

2-naphthol Water 

25' 'C 

25°C 

0.015 
0.0130 
0.0120 
0.0110 
0.0120 
0.010 
0.0096 
0.0086 
0.0160 
0.010 
0.0061 
0.0040 
0.0038 
0.0033 
0.0042 
0.0046 
0.0040 
0.0030 
0.0028 

0.00823 
0.00713 
0.00659 
0.00603 
0.00670 
0.00614 
0.00535 
0.00480 
0.00872 
0.00545 
0.00332 
0.00218 
0.00207 
0.00179 
0.00228 
0.00250 
0.00218 
0.00163 
0.00152 

4 

5 

6 
8 
4 

5 
6 

8 

1 

2 

4 

1 

2 

3 

5 

6 

8 

9 
1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10^ 

1 0 ' 
1 0 ' 
1 0 ' 

1 0 ' 

1 0 ' 
1 0 ' 
1 0 ' 

1 0 ' 

1 0 ' 

1 0 ' 

10* 

10* 

10* 

10* 

10* 
10* 

10* 

1 0 ' 
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TABLE XXI. Calibration Data for Gauges K, L, M 

Gauge K, Gauge L, Gauge M, 
lal No. ,. .^ ,. . , . u 

mm of Hg mm of Hg mm oi Hg 
1 1100 950 1180 
2 1130 1000 1010 
3 1180 1075 1090 
4 1265 1155 1175 
5 1360 1250 1275 
6 1475 1335 1365 
7 1575 1450 1465 
8 1675 1550 1575 
9 1760 1650 1665 
10 1875 1750 1770 
11 1980 1860 1875 
12 2075 1960 1975 
13 2160 2055 2065 
14 2260 2190 2205 
15 2340 2295 2300 
16 2430 2390 2400 
17 2530 2480 2482 
18 2630 2575 2585 
19 2650 2600 2580 
20 2700 2630 2630 
21 2735 2675 2675 
22 2750 2700 2680 
23 2800 2740 2740 
24 2850 2800 2800 
25 2900 2860 2860 
26 3000 2950 3160 
27 3050 3000 3200 
28 3180 3280 3240 
29 3300 3360 3300 
30 3400 3400 3360 
31 3700 3560 3500 
32 3750 3580 3530 
33 3800 3620 3560 
34 3900 3670 3610 
35 3950 3680 3630 
36 4100 3720 3660 
37 1425 1300 1320 
38 1475 1340 1380 
39 1625 1500 1520 
40 1725 1610 1620 
41 1825 1720 1730 
42 1320 1180 1200 
43 1220 1080 1120 
44 1925 1820 1810 
45 2020 I960 1950 
46 2100 2030 2010 
47 2200 2150 2140 
48 2300 2250 2240 
49 2400 2360 2340 
50 2490 2440 2440 
51 2575 • 2530 2520 
52 2700 2620 2630 
53 2800 2790 2790 
54 3000 2975 2980 



T A B L E XXII. Ac t iv i ty Data for U r a n i u m 
C a d m i u m S y s t e m 

A t o m F r a c t i o n Weight 
U r a n i u m F r a c t i o n 

log (a 

1.476 X 10"^ 0.30 (10"^) -0 .9864 

4.861 X 10"^ 0.92 (10"^) -0 .4087 

7,018 X 10 '^ 1,47 (10-^) -0 ,2097 

7,863 X 10"^ 1,65 (10"^) -0 .1458 

T A B L E XXIII, Di f fe ren t ia l P r e s s u r e and Ve loc i ty 
Data for l|- inch Or i f i ce 

T r i a l No, L L', p s i M M ' . p s i A P , p s i (AP)"'^, ps i" '^ V , f t / sec 

1 5,8 20,5 5,5 20,2 

2 9,5 24,2 9.0 23,7 

3 10,5 25,2 9,5 24,2 

4 12,0 26.7 10.1 24.8 

5 12.5 27.2 2.5 24.7 

6 14.0 28.7 9.5 24,2 

7 15,4 30,1 11.5 26,2 

8 26.0 40,7 10.0 24,7 

9 36.4 51.1 12.5 27.2 

10 58,0 72.7 14.0 28.7 

0,3 

0,5 

1,0 

1.9 

2.5 

4.5 

3.9 

16.0 

23.9 

44.0 

0.548 

0.70 

1.0 

1.38 

1.58 

2.13 

1.97 

4.0 

4.88 

6.54 

2.19 

2.78 

3.98 

5.52 

6.32 

8.50 

7.86 

15.8 

19.3 

26.0 
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TABLE XXIV, Differential P ressure and Velocity Data for 3/4 inch Orifice 

Trial No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

L, 
m m Hg 

1190 

1200 

1270 

1300 

1340 

1375 

1450 

1550 

1630 

1740 

1860 

2060 

2145 

2290 

2390 

2660 

2780 

2940 

3240 

3660 

L', 
m m Hg 

1305 

1330 

1375 

1410 

1450 

1492 

1550 

1650 

1725 

1862 

1950 

2150 

2210 

2350 

2462 

2737 

2825 

2992 

3275 

3700 

M. 
m m Hg 

1198 

1200 

1280 

1260 

1290 

1300 

1340 

1360 

1375 

1360 

1380 

1390 

1400 

1400 

1460 

1520 

1540 

1580 

1600 

1675 

M', 
m m Hg 

1300 

1321 

1362 

1375 

1397 

1410 

1425 

1450 

1460 

1475 

1487 

1490 

1500 

1525 

1562 

1612 

1625 

1675 

1700 

1775 

L'-M', 
m m Hg 

5 

9 

13 

35 

53 

82 

125 

200 

265 

387 

463 

660 

710 

82 5 

900 

1100 

1200 

1317 

1575 

1925 

(L'-M')"^ 
(mm Hg)°- = 

2.23 

3.00 

3.61 

5.92 

7.28 

9.06 

11.19 

14.4 

16.29 

19.67 

21.6 

25.7 

26.6 

28.7 

30.0 

33.2 

34.7 

36,3 

39,7 

43.8 

L'-M', 
inches Hg 

0.197 

0.354 

1.41 

1.38 

2.09 

3.23 

4.93 

7.88 

10.44 

15.22 

18.2 

25.9 

27.9 

32.5 

35.4 

43.3 

47.3 

51.8 

62,2 

75,7 

Z, 
lb/ft' 

6,07 

10.75 

15.6 

42.2 

63.9 

98.4 

150.3 

241 

319 

464 

554 

790 

850 

994 

1080 

1349 

1440 

1582 

1899 

2310 

V, 
ft/sec 

0.53 

0.864 

0.86 

1.42 

1.75 

2.17 

2.68 

3.41 

3.92 

4.72 

5.16 

6.18 

6,39 

6,93 

7.22 

8.08 

8.32 

8.71 

9.52 

10 53 

TABLE XXV. Differential Pressure and Velocity 
Data for l /2 inch Orifice 

Trial No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

L 

9.3 

8.9 

10.6 

10.0 

11.0 

11.2 

14.3 

14.3 

19.6 

19.5 

31.2 

31.2 

M 

8.0 

7.6 

6.1 

7.5 

6.0 

6.1 

5.8 

6.6 

6.0 

6.0 

4.7 

4.3 

L-M 

1.3 

1.3 

4.1 

2.5 

5.0 

5.1 

8.5 

7.7 

13.6 

13.5 

26.5 

• 26,9 

Z' 

1,245 

1,245 

2,055 

1.603 

2.27 

2.29 

2.96 

2.81 

3.72 

3.73 

5.22 

5.27 

V 

0.140 

0,140 

0,41 1 

0,293 

0.497 

0.501 

0.653 

0.618 

0.820 

0.809 

1.14 

1.16 
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TABLE XXVI, Differential Pressure and Velocity Data for l/4 inch Orifice 

Trial No. 

1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

AP 
m m i 

1600 
1448 
1295 
1 160 

1025 

900 
784 
676 
577 
484 
400 
324 
256 
196 
144 
100 
64 
36 
16 
4 
3. 
3. 
2. 
1. 
1. 
1. 
1, 

Hg 

24 
06 
25 
57 
44 
21 
10 

X, 

inches H g 

63 
58.3 

51.2 

45.7 

40.3 

35,5 

30.8 

26.5 

22,7 

19,05 

15,75 

12.75 

10.05 

7.73 

5,66 

3,95 

2,53 

1,41 

0,63 

0,157 

0.127 

0.122 

0.0886 

0.0622 

0.0568 

0.0478 

0,043 

P, 

ftHg 

5.24 

4.84 

4.26 

3.81 

3.35 

2.96 

2.57 

2.21 

1.89 

1.585 

1.305 

1.063 

0,837 

0.643 

0.472 

0.329 

0.211 

0.1174 

0.0523 

0.0131 

0.0106 

0.0101 

0.0074 

0.00518 

0.00473 

0.00398 

0,00361 

Z 

1890 

1740 

1530 

1370 

1205 

1070 

920 
796 
682 
571 
472 
384 
301 
231 
169 
118,5 

76 
42.3 

18.8 

0.390 

0.381 

0.309 

0.221 

0.156 

0.141 

0.119 

0.108 

0.1325Z 

251 
231 
203 
1815 

160.0 

142 
122 
105 
90.4 

75,6 

62,4 

51,0 

37,9 

30,7 

22,4 

15,7 

10,005 

5,58 

2.49 

0.0525 

0.0507 

0.0411 

0.0293 

0,0207 

0.0188 

0.0158 

0.0143 

(O.I325Z)°-* 

15.85 

15.21 

14.24 

13.47 

12.66 

11.92 

11.04 

10.25 

9.51 

8.70 

7.90 

7.14 

6.31 

5.54 

4.73 

3.96 

3.17 

2.36 

1.578 

0.229 

0.225 

0.202 

0.171 

0.144 

0.137 

0.126 

0.119 

0.103 (yo,1325x). 

ft/sec 

1.632 

1,570 

1.470 

1.380 

1,305 

1,32 

1,14 

1,055 

0,979 

0.894 

0.814 

0.736 

0.650 

0,572 

0,487 

0.408 

0.326 

0.243 

0.162 

0.0236 

0.0231 

0.0208 

0.0176 

0.01485 

0.0141 

0.0129 

0.0122 

TABLE XXVII. Tabulation of Orifice Coefficients 

(Co Determined Experimentally Using Water and Given Orifices) 

D„ AP, #/in.= V, ft/sec (APx 144)'̂ ^ 7 C„ 

1/2 i n . 1.5 0 .498 14.6 9.35 0 .3189 
18.97 0 .5076 
25 .45 0 .5819 
32 .86 0 .6317 
43 .70 0 .6664 
62 .76 0 .6442 

3/4 in. 1.5 1.513 14.69 3.88 0.3933 
20 .42 0 .4760 
2 6 . 2 8 0 .5174 
31 .04 0 .5845 
39 .74 0 .5988 
53 .66 0 .6433 
14 .69 2 .21 0 .1839 
17.37 0 .3425 
19 .69 0 .4726 
23 .38 0 .5583 
28 .63 0 .6097 
36 .60 0 .6740 
14.69 1.019 0 .1000 
16.09 0 .1858 
16.97 0 .2734 
17.37 0 .3780 
18.19 0 .4892 
21 .44 0 .5708 

1.5 
2.5 
4.5 
7.5 

13.3 

25.1 

1.5 
2.9 
4.8 
6.7 

11.0 

20.0 

1.5 
2.1 
2.7 
3.8 
5.7 
9.3 
1.5 
1.8 
2.0 
2.1 
2.3 
3.2 

0.498 

1.03 

1.584 

2,22 

3.115 

4.325 

1.513 

2.545 

3.56 

4.75 

6.23 

8.63 

1.24 

2.73 

4.27 

5.99 

8.01 

11.32 

1.47 

2.99 

4.64 

6.60 

8.90 

12.24 
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TABLE XXVI I I . Mass Transfer Data at VXfQ for Random Spheres 

7- 21-

e 

Te 

9 ' 

^ « 10^ 

P 

D, X 10^ 

NSc 

Va. Il'sec 

V;, It/sec 

Us 

NRe.s 

RPM 

Aw Imeasured) 

e 
*s 
Cs 

Cl 

h 
kl'Vs 

Jd 

Run Ho. 

€ 

Te 

9' 

p. X 10^ 

/> 
0, X 105 

Nsc 

Vj msec 

V5 IKsec 

"s 

NRe,s 

RPM 

Aw Imeasured) 

S 

«s 
Cs 

Cl 

Kl 

ki(V, 

Jd 

054 

500 

5,8 

1,84 

7,82 

155 

151,8 

1,79 

2,013 

1,223 

31,800 

750 

1,535 

300 

4,72 

0,167 

0,0 

6,46 X 10-5 

2,23 « 10"" 

0,00636 

25-

0,44 

500 

7,2 

1,84 

782 

1,55 

151,8 

3,22 

3,62 

1,251 

58,600 

1350 

39629 

120 

4.80 

0.167 

0.0 

4.13 X 10-2 

374 X 10"" 

106,2 X 10"" 

500 

184 

782 

1,55 

151,8 

2,86 

321 

1,231 

51.300 

950 

3493 

300 

4,78 

0167 

0,0 

1,46 X 10-2 

1,499 X 10"" 

0,00424 

26-

0,53 

500 

55 

1,84 

7,82 

1,55 

1518 

393 

4.43 

1,242 

71,200 

1100 

4,2450 

120 

4,84 

0,167 

0,0 

4,35 X 10"2 

3,22 X 10"" 

0,00916 

0 47 

500 

3,9 

1 84 

782 

1 55 

151,8 

3,22 

3,62 

1.202 

56,400 

1050 

6646 

300 

4,57 

0,167 

0,0 

3.02 X 10-2 

271 X 10"" 

0.00767 

27-

0.42 

500 

4,2 

1,84 

7,82 

1,55 

151,8 

5,38 

6,05 

1,251 

98,100 

1250 

1,946 

60 

4,93 

0,167 

00 

3,91 X 10-2 

2,11 X 10"" 

0,00602 

0 44 

500 

42 

184 

7,82 

1,55 

151,8 

5,38 

6,05 

1 179 

92.200 

1250 

7,799 

300 

4 39 

0,167 

0,0 

3,51 X 10-2 

1,915 X 10"" 

0,00546 

28-

0,41 

500 

5,0 

1,84 

7,82 

1,55 

1518 

6,30 

710 

1242 

118,900 

1375 

25195 

60 

484 

0167 

0,0 

5,13 I 10-2 

2,370 X 10-4 

0,00674 

0,41 

500 

5,1 

1,84 

7,82 

1,55 

151,8 

5,74 

6,47 

1,239 

103.800 

1300 

2 955 

300 

4,81 

0167 

OO 

1,225 X 10"2 

0 623 « 10"" 

0,00168 

29-

0,41 

500 

7,1 

1,84 

7,82 

1,55 

151,8 

6,5 

7,32 

1,242 

118,000 

1400 

1 3402 

60 

484 

0,167 

00 

2,76 X 10"2 

1,405 X 10-" 

000402 

0,43 

500 

5 1 

184 

7,82 

1,55 

151,8 

393 

4,43 

1262 

72,400 

1100 

4,085 

120 

4 97 

0.167 

0,0 

4,07 X 10-2 

302 X 10"" 

000857 

30-

0,54 

500 

6,1 

1,84 

7,82 

1,55 

151,8 

1,68 

1,89 

1259 

30,800 

790 

23862 

360 

4 97 

0 167 

00 

7,98 X 10"2 

1,385 X 10-" 

0 00393 

0,41 

500 

70 

1 84 

7,82 

1,55 

151,8 

6,8 

765 

1255 

124,000 

1450 

0,8290 

60 

4,73 

0167 

00 

1,725 X 10"2 

0 753 X 10"" 

0,00215 

31-

0,53 

500 

58 

184 

782 

1,55 

151,8 

1,19 

134 

1262 

21,900 

700 

1,6060 

360 

491 

0167 

00 

5,36 X 10"' 

1,311 X 10"" 

0,00373 

053 

500 

5,3 

1,84 

7 82 

1,55 

151,8 

1,79 

2013 

1231 

32,100 

750 

31455 

474 

478 

0167 

00 

841 X 10-3 

1375 X 10"5 

0,00378 

32-

0,55 

500 

38 

1,84 

782 

1,55 

151,8 

0,89 

1,00 

1,262 

16,310 

400 

1 2350 

360 

497 

0,167 

00 

413 X 10"' 

1,361 X 10-" 

000386 

0,57 

500 

6 3 

184 

782 

1 55 

151,8 

2 5 

2,81 

1,242 

45,300 

850 

1 9103 

180 

484 

0167 

0 0 

1,305 X 10-2 

1,519 X 10-" 

000432 



TABLf XXVIII, (Contd,! 

Run No. 

• ? 

Te 
9 ' 

^ X Io2 

P 

D, X 105 

Nsc 

V j , msec 

V5, ftlsec 

"s 

NRe,s 

RPM 

A w (measured) 

9 

*s 

Cs 

Cl 

kl 
k i / V , 

Jd 

l / k l ( V ; 

Run No, 

33-

0,57 

500 

35 

1,84 

7,82 

1,55 

151,8 

0,48 

0,54 

1,257 

8,730 

375 

0,9430 

420 

496 

0,167 

0,0 

2,72 X 10-3 

2.02 X 10" " 

0.00576 

40 

34-

0.56 

500 

34 

1.84 

7.82 

1.55 

151,8 

0,24 

0,27 

1,262 

4.420 

370 

0,6383 

420 

4,97 

0,167 

0.0 

1.835 X 10"3 

2.23 X 10" " 

0.00637 

41 

35' 

0.43 

500 

30 

1.84 

7.82 

1.55 

151,8 

0,06 

0,0675 

1,265 

1,110 

180 

0,2546 

480 

5,02 

0,167 

0,0 

6.37 X 10"" 

3,09 X 10"" 

0,0088 

43 

36-

0,42 

500 

33 

1,84 

7,82 

1,55 

151,8 

0,04 

0,045 

1,257 

733 

150 

0,1660 

480 

496 

0,167 

0,0 

417 X 10" " 

3.27 X 10" " 

0.00931 

3080 

44 

37' 

0.42 

500 

29 

1.84 

7.82 

1.55 

151.8 

0.0301 

0,0340 

1,269 

561 

125 

0,1140 

300 

5,02 

0,167 

0,0 

4,53 X 10" " 

4,38 X 10"" 

0,0125 

45 

38* 

0,46 

500 

28 

1,84 

7,82 

1.55 

151,8 

0,0156 

0,0176 

1,230 

280 

100 

0,1130 

300 

4,76 

0,167 

0,0 

4,72 X 10- " 

7,86 X 10" " 

0.0223 

46 

39. 

0.46 

500 

27 

1,84 

7,82 

1,55 

151,8 

0,00984 

0,0110 

1,267 

183 

90 

0,5200 

300 

5,02 

0167 

0,0 

2,075 X 10"^ 

5 99 X 10-4 

0,0170 

47* 48-

€ 

h 
9' 

j i X 102 

P 

0 , X I05 

Nsc 
V j , Itlsec 

V j , ftlsec 

Is 

NRe.s 

RPIVl 

A w (measured! 

9 

*s 

Cs 

Cl 

h 
k l 'Vs 

Jd 
K k i l V s 

soo 

1,84 

7.82 

1.55 

151.8 

0.00447 

0,00503 

1,232 

80 

80 

0,0570 

300 

4,76 

0.167 

0.0 

2.39 X 10"2 

9.03 X 10- " 

0.0257 

SOO 

1.84 

7.82 

1.55 

151.8 

0.00624 

0.00704 

1.251 

114 

85 

0.0353 

300 

4,93 

0,167 

OO 

0,144 X 10-3 

0.686 X 10-3 

0.0195 

1460 

550 

1.72 

7.77 

1.82 

122 

O.0C624 

0.00704 

1.267 

115 

85 

0.0425 

300 

5.02 

0.167 

0.0 

0.169 X 10-3 

0.807 X 10-3 

0.0198 

1240 

550 

1.72 

7.77 

1,82 

122 

0.04 

0,045 

1,262 

736 

150 

0,1510 

300 

4,97 

0,167 

0.0 

0.606 X 10-3 

0.443 X 10-3 

0.0115 

2270 

600 

1.54 

7.72 

210 

94.7 

0.00624 

0.00704 

1.265 

115 

80 

0.05% 

300 

5.02 

0.167 

0,0 

0.237 X 1 0 " ' 

1.110 X 10"3 

0,00227 

902 

600 

1,54 

772 

2,10 

94,7 

0,04 

0,045 

1,259 

735 

150 

0,1610 

300 

497 

0,167 

0,0 

0.646 X 1 0 " ' 

0 .472 X 10-3 

0.00979 

2110 

0.41 

500 

7.5 

1.84 

7.82 

155 

151.8 

8.99 

10.103 

1.262 

1.799 X 10 ' 

1725 

4.260 

300 

497 

0.167 

0.0 

1.708 X 10"2 

4.93 X 10-5 

0.00140 

0.45 

500 

7.5 

1.84 

7.82 

1.55 

151.8 

1345 

15.15 

1.262 

2.465 X 105 

2250 

0.5350 

300 

4.97 

0.167 

0.0 

2.14 X 10"2 

4.69 X 10"5 

0.00133 
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TABLE XXVIII, (Contdl 

Run No, 

e 

Te 
9' 

/ i X 102 

P 

D, X I05 

Nsc 
Va, ft/sec 

V j f t / s e c 

Us 

NRe,s 

RPM 

A w (measured) 

9 

*s 

Cs 

Cl 

h 
kl'Vs 

Jd 

Run No, 

49-

0.53 

500 

7,5 

1,84 

7,82 

1,55 

151,8 

17,9 

20,206 

1,265 

3,310 X 10^ 

2650 

7,631 

300 

5,02 

0167 

OO 

3,04 X 10"2 

4.96 X 10-5 

0.00142 

65 

50* 

0.43 

500 

7,5 

1,84 

7,82 

1,55 

151,8 

22,4 

25.258 

1251 

4,080 X 105 

3300 

8,860 

300 

4 93 

0167 

00 

356 X 10"2 

463 X 10-5 

0.00132 

66 

55 

500 

1.84 

7.82 

1,55 

151,8 

0,104 

0 1175 

1,255 

1,905 X l O ' 

690 

2,5910 

360 

496 

0,167 

0,0 

0,866 X 10-2 

24,2 X I0"5 

0,00666 

67 

56 

500 

1,84 

7,82 

1,55 

1518 

0,208 

0 2 3 4 

1,239 

373 X 103 

810 

0,0332 

360 

478 

0,167 

0,0 

11,55 X I 0 - " 

1,625 X 10-" 

0,00521 

68 

57* 

0,41 

500 

7,2 

1.84 

7.82 

1.55 

151.8 

756 

8.50 

1.255 

1,381 X 105 

1660 

0.6060 

60 

496 

0.167 

00 

1.22 X 10-3 

4,37 X 10-5 

0.00124 

69 

58-

0.41 

500 

7,3 

1.84 

7,82 

1,55 

151,8 

8.91 

10,00 

1,265 

1,641 I 105 

1700 

0,6320 

60 

5,02 

0,167 

0,0 

1,255 X 10"2 

413 X 10"5 

0,00117 

70 

63 

500 

1,84 

782 

155 

151,8 

3,25 

3,65 

1 187 

56,100 

1060 

6,5093 

300 

446 

0,167 

0 0 

2,91 X 10"2 

2,61 X 10" " 

0,00743 

73 

64 

500 

1,84 

7,82 

1,55 

1518 

5,33 

6,0 

1,111 

86.300 

1270 

8.9300 

300 

394 

0.167 

OO 

4 52 X 10"2 

2,47 X 10" " 

000707 

Te 

^ X 102 

P 

0, X 105 

NSc 

Va. ftlsec 

Vj, (Usee 

h 
NRe.s 
RPM 

Aw (measured) 

9 

As 

Cs 

Cl 

kl 

kl'Vs 

Jd 

500 

1,84 

7,82 

1,55 

151,8 

6,01 

6,75 

1.220 

107 500 

1340 

29310 

300 

4.67 

0.167 

0.0 

12.55 X 10"' 

0.611 X 10-" 

0.00174 

500 

1.84 

7,82 

1,55 

151,8 

1,68 

1,89 

1,173 

28,700 

740 

35010 

470 

434 

0,167 

0,0 

10.15 X 10"' 

1.791 X 10"" 

0.00511 

500 

1.84 

7,82 

1,55 

151,8 

284 

320 

1,262 

52400 

940 

3,493 

300 

497 

0,167 

0,0 

1411 X 10-2 

1.451 X 10"" 

0.00413 

500 

1.84 

7,82 

1 55 

151,8 

1,55 

1,75 

1,239 

28,100 

725 

2,3862 

360 

4,81 

0,167 

0,0 

8,24 X 10"' 

1.545 X 10-" 

0.00439 

500 

1,84 

782 

1,55 

151.8 

1,085 

1,22 

1,241 

20.600 

710 

1.6060 

360 

484 

0167 

OO 

5,49 X 10-' 

1.515 X 10-" 

0.00429 

500 

1,84 

7,82 

1,55 

151,8 

0,833 

0,94 

1,191 

14400 

442 

1,2350 

360 

446 

0 167 

0,0 

461 X 10-' 

1,615 X 10-" 

0,00461 

500 

1,84 

7,82 

1,55 

151,8 

0,00898 

0,0101 

1257 

165 

90 

0,9230 

600 

496 

0,167 

0,0 

1,855 X 10"' 

5,97 X 10"" 

0,0169 

•Values calculated (rom equations 17.1,17.2.17.3 before coast-down correct ion. 



TABLE XXIX, Mass Transfer Data with Knurled Spheres 
for Random Orientation 

Run No. 

£ 

Te 
9' 
JJ X lO' 

P 
D^ X 10 = 

Nsc 
Va, ft/sec 
Vg, f t / s e c 

d s 

87 

5 0 0 

1.84 
7.82 
1,55 

151,8 
0,0176 
0.200 
1.261 

8 8 

5 0 0 

1.84 
7.82 
1.55 

151,8 
0.480 
0,537 
1.261 

R u r 

% e , s 
R P M 

N o . 

Aw ( m e a s u r e d ) 
9 

A s 

C s 
C l 

k i 

k i A s 
J d 

87 

3 3 0 

3 3 7 

0.8142 
6 0 0 

4.97 
0.167 
0 , 0 

1,62 X 10" ' 
4,18 X 10-< 

0 0119 

4 

2 

8 8 

8,800 
7 0 0 

2.681 
6 6 0 

4.97 
0.167 
0 . 0 

88 X 1 0 - ' 
98 X 10"" 

0.00850 

TABLE XXX: Mass Transfer Data at 500°C for l/4 and 3/B inch Spheres (Random Orientation) 

Run No. 

C 

T e 
9 ' 

fi X 10^ 

P 
Dv X 10 = 

Nsc 
Va, ft/sec 
Vs, ft/sec 
d s 

NRe,s 
RPM 
Aw ( m e a s u r e d ) 

e 
A s 
Cg 

Cl 

K 
W^s 
J d 

Run No. 

€ 

T 
S' 

/i X 10^ 
P 

Dv " JO* 
Nsc , 
Va, f t / s e c 
Vj, ft/sec 
dg 

NRe,s 
RPM 
Aw ( m e a s u r e d ) 
8 

A . 
s 

Cg 
Cl 
k , 

i^.As 
Jd 

no* 
0 56 

5 0 0 

3 . 7 
1 84 
7 82 
1 55 

151.8 
0,00946 
0,01015 
0,946 

124 

3 7 5 

0,0127 
1 2 0 

2.81 
0,167 
0 . 0 

2.25 X 10-* 
7,28 X lO" ' 

0,0207 

115* 

0,55 
5 0 0 

3 , 7 

1,84 
7.82 
1.55 

151.8 
0,01369 
0.0141 
0.621 

114 
385 

0.00416 
6 0 

1.21 
0.167 
0 . 0 

3.51 X lO"" 
8.17 X 10" ' 

0.0232 

I I I * 

0,55 
5 0 0 

3 ,8 
1,84 
7.82 
1.55 

151.8 
0,0706 
0,0736 
0,945 

9 0 3 

3 9 5 

0,0163 
60 

2.81 
0.167 
0 . 0 

5.79 X 10"* 
2.51 X 10"* 

0.00713 

116* 

0,53 
5 0 0 

4 . 6 

1.84 
7.82 
1.55 

151.8 
0.533 
0.538 
0.626 
4,330 

500 
0.0314 

60 
1.23 
0.167 
0 . 0 

2.54 X 10" ' 
1.362 X 10"* 

0.00387 

112* 

0.53 
5 0 0 

4 . 6 
1 84 
7.82 
1.55 

151.8 
0.393 
0.422 
0 945 
5,160 

5 0 0 

0.1092 
120 

2.81 
0,167 
0 0 

1,945 X 10" ' 
1,515 X 10"* 

0,00431 

117* 

0,55 
5 0 0 

3 .8 
1.84 
7,82 
1,55 

151.8 
0.1093 
0.1125 
0.624 

905 
395 

0.0109 
6 0 

1.23 
0.167 
0 . 0 

0.888 X 10" ' 
0.259 X 10" ' 

0.00739 

113* 

0.42 
5 0 0 

7 0 
1 84 
7.82 
1.55 

151.8 
4.78 
5.13 
0.921 

61,100 
1200 

1.750 
120 

2.66 
0.157 
0 . 0 

3.27 X 10"^ 
2,09 X 10"* 

0,00597 

118* 

0.42 
5 0 0 

7 . 0 

1.84 
7.82 
1.55 

151.8 
7.11 
7.32 
0.611 

57,900 
1200 

0.4720 
60 

1.17 
0.167 
0 . 0 

4,03 X 10" ' 
1.805 X 10"* 

0.00514 

114* 

0.41 
5 0 0 

7 .2 
1.84 
7.82 
1.55 

151.8 
7.92 
8.47 
0,949 

104,000 
1680 

2,720 
120 

2.82 
0.167 
0 . 0 

4 83 X 10" ' 
1.865 X 10"* 

0.00532 

119* 

0.41 
5 0 0 

7 .2 

1.84 
7.82 
1.55 

151.8 
11.97 
12.35 

0.597 
95,600 

1680 
0.7030 

6 0 

1.12 
0.167 
0 . 0 

6.29 X 10" ' 
1.67 X 10"* 

0.00477 

•Values calculated from equations 17.1, 17.2, 17. 3 before coast-down cor rection. 
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T A B l f XXXI . fWass Transfer Data for Grain Or ientat ion and Utlrasonic Effects 

,1 X 10' 

P 

D, X 105 

Nsc 

V j , It/sec 

V , , ll/sec 

RPM 

A w (measuredl 

^ 
Cs 

C l 

k l 
k i / V , 

Jd 

184 

782 

1,55 

151,8 

0,0419 

0,0474 

1,261 

773 

370 

0.0387 

420 

4.97 

0.167 

0.0 

1 110 X 10"" 

0.770 X 10-' 

1,84 

7,82 

1,55 

151,8 

3,46 

391 

1,120 

56.600 

890 

0.7930 

420 

3.M 

0,167 

OO 

2,87 X 10"' 

2,41 X 10"5 

68 7 » 10-5 

1,84 

7,82 

1,55 

151,8 

607 

6.83 

1,220 

108,000 

1420 

15950 

420 

4,67 

0,167 

0,0 

4,87 X 10"' 

2,34 X 10"5 

66,6 X 10"5 

1,84 

782 

1.55 

151,8 

0,467 

0,524 

1,261 

8.530 

495 

0,3770 

420 

4 97 

0 167 

00 

1,080 X 10"' 

0,678 X 10"" 

0,001930 

1,84 

7 82 

155 

151,8 

0 0597 

0 0707 

1261 

1,150 

180 

0,2240 

480 

4,97 

0,167 

0,0 

5 63 X 10"" 

261 X 10-" 

000743 

184 

782 

1,55 

151,8 

0,478 

0 535 

1,261 

8,680 

497 

0,6900 

420 

497 

0 167 

00 

1 97 X 10-3 

I 201 X 10-" 

0.00343 

1 84 

782 

1,55 

151,8 

1,83 

201 

1,261 

33.100 

820 

1 5750 

300 

497 

0 167 

0 0 

6 33 X 10-' 

1 025 X 10-" 

0.00293 

•Nonrandom. 

• "Ul l rasonica l ly wetted 

Run No. 

Te 

,j. X 102 

P 

0 , X 105 

"sc 

V j , Hlsec 

V j . ftlsec 

NRe.s 

RPM 

A w (measured) 

Is 

B 

S 
Cs 

Cl 

^ 
kl 

k l 'Vs 

Jd 

89 

500 

1,84 

7,82 

1,55 

151,8 

0,04 

0,045 

732 

450 

0,4056 

1,253 

480 

493 

0 167 

0,004 

0.163 

1.05 X 10"3 

0.782 X 1 0 " ' 

21.8 X 1 0 - ' 

TABLE X X X I I . 

90 

500 

1,84 

7,82 

155 

151,8 

0,04 

0,045 

733 

450 

0.1765 

1.259 

480 

497 

0.167 

0.004 

0.163 

455 X 10-4 

3.33 X 10- " 

95.0 X 10"" 

Data for Variat ion of Dri 

91 

500 

1.84 

7.82 

1.55 

151.8 

351 

395 

6.41 X lO" 

550 

0.5748 

1255 

540 

494 

0,167 

OC04 

0163 

1,315 X 1 0 - ' 

1,11 X 10-5 

28,9 X 10-5 

iving Force 

92 

500 

1.84 

7.82 

155 

I5 I .8 

3.51 

3.95 

6.39 X l o " 

550 

0.4844 

1,250 

540 

492 

0,167 

0.004 

0,163 

1,120 X 10-3 

0,936 X 10-5 

26,7 X 10"5 

93 

500 

1,84 

7,82 

1,55 

151,8 

004 

0 045 

742 

450 

0,3550 

1 265 

480 

501 

0,167 

O014 

0153 

0,966 X 10-3 

0,706 X 1 0 " ' 

20,1 X 1 0 " ' 

94 

500 

1,84 

782 

1,55 

151,8 

O04 

0.045 

734 

450 

0.3448 

1.255 

480 

495 

0.167 

0.014 

0153 

0,949 X 1 0 " ' 

0,693 X 1 0 " ' 

1975 X 1 0 " ' 



TABLE XXXII . (Contd.) 

Run No. 

Te 

;x X 102 

P 

D, X 105 

Nsc 

V j , ft/sec 

V j , ft/sec 

NRe,s 

RPM 

A w (measured) 

"s 
S 

*s 

Cs 

Cl 

AC 

kl 

k l 'Vs 

Jd 

Run No. 

Te 
/ i X Io2 

P 

D, X 105 

Nsc 
V j , ftlsec 

V j , ftlsec 

NRe,s 

RPIVl 

A w (measured) 

<̂  
B 

*s 

Cs 

Cl 

AC 

kl 

k l 'Vs 

Jd 

95 

500 

1.84 

7.82 

1.55 

151.8 

351 

395 

6.43 X 10" 

548 

0.4074 

1.255 

540 

4.95 

0.167 

0.014 

0.153 

0.989 X 1 0 - ' 

0.816 X 10-5 

23.2 X 10-5 

103 

500 

1.84 

7.82 

1.55 

151.8 

0.04 

0.045 

733 

450 

0.6420 

1.260 

480 

4.99 

0.167 

0.050 

0.117 

2.31 X 1 0 - ' 

1.69 X 1 0 " ' 

48.2 X 1 0 " ' 

96 

500 

1.84 

7,82 

1.55 

151.8 

3.51 

3.95 

6.43 X 10" 

548 

0.1990 

1.255 

540 

495 

0.167 

0.014 

0.153 

0484 X 1 0 " ' 

0.403 X 10"5 

11.5 X 10-5 

104 

500 

1.84 

7.82 

1.55 

151.8 

351 

395 

6.47 X 10" 

550 

1.4869 

1.259 

480 

4.96 

0.167 

0.050 

0.117 

5.36 X 1 0 " ' 

4.43 X 10"5 

126.1 X 10-5 

98 

500 

1.84 

7.82 

1.55 

151.8 

0,04 

0.045 

731 

450 

0.5053 

1,252 

480 

4,93 

0,167 

0,020 

0147 

1,449 X 1 0 " ' 

1,055 X 1 0 " ' 

30 X 1 0 - ' 

105 

500 

1,84 

7,82 

1,55 

151.8 

151 

395 

6.43 X 10" 

550 

0.2636 

1.257 

480 

496 

0.167 

0.050 

0.117 

0.946 X 10"3 

0.788 X 10"5 

22.4 X 10"5 

99 

500 

1.84 

7,82 

1,55 

151,8 

351 

395 

6.43 X lO" 

550 

0.2736 

1.259 

540 

496 

0.167 

0.020 

0.147 

6.93 X 10" " 

5.73 X 1 0 - ' 

16.3 X 10"6 

107 

500 

1.84 

7.82 

1.55 

151.8 

0.04 

0.045 

733 

450 

1.0230 

1.252 

540 

4.93 

0.167 

0.097 

0.070 

5.47 X 1 0 " ' 

3.99 X 1 0 - ' 

113.5 X 10-3 

100 

500 

1.84 

7.82 

1.55 

151.8 

351 

3.95 

6,41 X l o " 

550 

0,8708 

1,255 

540 

4,93 

0,167 

0,020 

0,147 

2 3 0 X 1 0 " ' 

1.86 X 10-5 

5 3 1 X 10-5 

108 

500 

1.84 

7.82 

1.55 

151.8 

0.04 

0.045 

732 

450 

0.2928 

1.255 

600 

195 

0.167 

0.097 

0.070 

1.375 X 1 0 - ' 

1.01 X 1 0 " ' 

28.7 X 10-3 

102 

500 

1.84 

7.82 

1.55 

151.8 

0.04 

0.045 

734 

450 

O4S06 

1.255 

480 

494 

0.167 

0.050 

0.117 

1.632 X 1 0 " ' 

1.19 X 1 0 " ' 

31.7 X 1 0 " ' 

109 

500 

1.84 

7.82 

1.55 

151.8 

3.51 

395 

6.38 X Vfi 

550 

0.7910 

1.249 

480 

4.87 

0.167 

0.097 

0.070 

4.84 X 1 0 - ' 

4 0 3 X 10-5 

115 X 10-5 
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TABLE XXXI I . (Contd) 

Run No. 

Te 
X 102 

0 , X 105 

Nsc 

V j , ftlsec 

V5. msec 

NRe.s 

RPM 

w (measured) 

<Js 

*s 

Cs 

Cl 

c 

kl 
k j / V , 

Jd 

130 

500 

1.84 

7.82 

1,55 

151,8 

0.04 

0.045 

734 

540 

0.3148 

1.259 

4.W 

0.167 

0.142 

0.025 

4,67 X 1 0 " ' 

3,42 X 1 0 " ' 

97.6 X I 0 - ' 

131 

500 

1.84 

7.82 

1.55 

151.8 

0.04 

0.045 

733 

480 

0.3613 

1.259 

4.97 

0.167 

0.142 

0.025 

6.06 X 1 0 " ' 

4.43 X 1 0 " ' 

126.5 X 1 0 " ' 

132 

500 

1.84 

7.82 

1.55 

151.8 

3.51 

3.95 

6.42 X 10" 

480 

0.5597 

1,255 

4,95 

0,167 

0,142 

0025 

9,41 X 1 0 " ' 

7,86 X 10"5 

224 X 10"5 

133 

500 

1.84 

7.82 

1.55 

151.8 

3.51 

3.95 

6,43 X 10" 

480 

02316 

1,259 

4,97 

0,167 

0142 

0,025 

387 X 10-3 

323 X 10-5 

92,1 X 10-5 



XVII. APPENDIX: SAMPLE CALCULATIONS OF MASS 
TRANSFER DATA AND ERROR ANALYSIS 

A. Typical Analysis and Data for Run 25 

1. Rtm No. 25 

Length of Run 6= 120 sec. Coast-down 9' = 7.2 sec. 

Average Cadmium Velocity 3.22 f t /sec; 98.3 cm/sec . 

Velocity at Sample, Vg 3.62 f t /sec; 110.41 cm/sec . 

Average Temperature Reservoir Tank 500°C 

Average Temperature Pump Tank 500°C 

Temp TC No. 1 499°C 

Temp TC No. 2 499°C 

Temperature Sphere 499°C 

Orifice P r e s s u r e , mm of Hg Abs 217AP 
14.8AP'/^ 

Cg, Concentration at Saturation 0.167 g/cc, constant 
from 500 to 600°C 

C], Concentration at Bulk Liquid 0.00 g/cc 

2. Physical Proper t ies at Temperature of Run 

Tempera ture at Sample 499"'C 

Density of Solution 7.82 g/cc 

Viscosity of Solution 1.84 cp 

Molecular Diffusivity of Uranium in Cadmium at Run 

Temperature D.̂ , x 10^, 1.54 c m y s e c 

Solubility Cg, 0.167 g/cc 

3. Sphere Proper t ies and Pert inent Measurements (inches) 

Before Run: Longitudinal Diameter 0.501; Transverse 
Diameter 0.499 

After Run: Longitudinal Diameter 0.472; Transverse 
Diameter 0.478 

Average Sphere Diameter 0.487 
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4. Analysis of Sphere by Weight Measurement 

Weight Sphere before Run (Before 
Electropolish) 20.2291 g 

Weight Sphere before Run (After 

Electropolish) 20.2180 g 

Weight Sphere plus Cadmium Coating 17.0482 g 

Weight Sphere after Acid Cleaned 16.2551 g 

Weight Cadmium Coating Dissolved Off 0.7931 g 

Net Weight of Uranium Dissolved 
during Mass Transfer Run plus 
Coast-down Time (9"!- 9') 3.9629 g 

Average Uranium in Zinc and Flux 

Phases 0.008 g 

B. Computation 

1. Calculation of J^ without Coast-down Corrections Applied 

From the data and using equation 9.2 the mass transfer coeffi­
cient is calculated as 

^ ' = (4.8019)020)(0.167) = ' • ' ' - ^ ° " ^''-'^ 

using equation 94 the dimensionless ratio, kj/Vg may be calculated 

±L-_±llAl^-_ 3.74(10-) (17.2) 
Vg 110.41 ^ ' ^ ' 

Using equation 9.6 with the Schmidt number, 151.8, raised to the 2/3 expo­
nent, or 28.45, the J^ factor is calculated as 

J J = 3.74 (10-*)(28.45) = 106.2 (lO"'') (17.3) 

The preceding figure represents the apparent Ĵ j factor without 
any corrections for the effective mass transferred during coast-down. The 
effective velocity past the sphere in this case is eVg or 0.436 x Vg. 

2. Sample Calculation of Ĵ j with Coast-down Corrections Applied 

The average diameter of the sphere, 0.478 inches is used to 
calculate an average surface area as 

Ag = TTdg = 3.14(0.237)(6.45) = 4.8019 cm^ (17.4) 
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The effective mass t ransfer red during the coast-down time may be calcu­
lated by employing the apparent kj/Vg which was calculated above in part 1. 
The average effective velocity at coast-down is taken as the velocity at the 
sphere multiplied b y e . The effective mass t ransferred during 9' is sub­
tracted from the weight loss from the sphere during (9-1" 0') seconds and 
an actual J^j factor is calculated using the corrected weight. The effective 
mass t ransfe r red in this case is 

Aw' = ^ ^ ] x e x Vs X AC X Ag X 9' (17.5) 

Aw' = 3.74(10-*)(0.436)(110.41)(0.167)(4.8019)(7.2) 

Aw' = 0.1053 g (17.6) 

The actual mass t ransferred, therefore, was 

Aw = Aw measured - Aw' (17.7) 

Aw = 3.9629 - 0.1053 

•m The actual —!-) amounts to 

3-8576 ^ 3^3 ^ 10-4 (17 8) 
110.41 X (0.167)(4.8019)(120) 

The actual J^j factor amounts to 

J J = (3.63 X 10-*)(28.456) = 103.6 x 10"* (17.9) 

The percentage change m J j which results from the coast-down is 

^-•»»""SS-'»» = 5W='-"* "-°' 
In all the experimental runs, the maximum change in J j because 

of coast-down was 4.8% in run 22. In the majority of runs, the change in J j 
due to coast-down was less than 1 to 2%. Hence, the coast-down correction 
was not applied in Tables XXVIII to XXXII. 

C. Summary of All E r r o r s for J,] Calculation for Run 25 

1. Summary of Measurements and Proper t ies 

The experimental data for the mass t ransfer study were c o r r e ­
lated by using the Chilton-Colburn J^ factor equation. The range of accuracy 
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of the data is dependent upon the precision and accuracy with which other 
measurements may be taken and also upon the range of accuracy of other 
physical data needed for the determination of the Schmidt number and the 
mass transfer coefficient. The following calculation is based upon known 
and probable or estimated e r r o r s for the various propert ies needed for 
the J J calculation. The following table lists the property and the range of 
accuracy of the property as considered in this report . 

TABLE 

Measureinent or 
Proper ty 

Micrometer Reading 

Temperature, T°C 

Molecular Diffusivity 

Cadmium Velocity 

Schmidt Number 

XXXIII. Summary of Probable E r r o r s 

Probable 
E r r o r 

±0.001 inch 

±1''C 

±15% 

±2% 

±19% 

Measurement or 
Property 

Solubility 

Area of Sphere 

Weight Loss 

Viscosity 

Density 

Probable 
E r r o r 

± 1 % 

± 1 % 

±0.0001 g 

±2% 

±2% 

2. Calculation of Probable E r r o r s in J ĵ 

The calculation of the probable e r ro r in J j is done using the 
data for run 2 5 and equation 17.11. 

; VPDJ d - Vg VpD ,̂ (17.11) 

The kj/Vg is calculated from equation 17.8. The e r r o r in kj/Vg 
is the sum of the e r ro r s in Vg, A , C , and Av 

Er ro r in ki/Vg = 2.0 + 1.0 4- 1.0 4- 0 = ±4.0%. (17.12) 

To calculate the e r ro r in J j it is obtained by differentiating 
equation 17.11 and inserting the e r ro r s in each variable. 

Er ro r in J J = 4.0 -I- 0.666(19.0) = ±14.6%. (17.13) 




